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A bactéria Xylella fastidiosa causa a Clorose Variegada dos Citros (CVC) em laranja doce (Citrus 
sinensis), principal espécie de importância econômica, devido à utilização para produção do 
suco de laranja, uma das principais commodities do agronegócio brasileiro. A importância 
dessa bactéria ganhou mais destaque devido a sua recente ocorrência na Europa e aos 
elevados prejuízos na cultura das oliveiras. No caso dos citros, todas as variedades de laranja 
doce são afetadas pela doença, mas as tangerinas (Citrus reticulata) são resistentes. Devido à 
identificação prévia do transcriptoma de genes associados à resistência de C. reticulata a X. 
fastidiosa, torna-se essencial o entendimento da função desses genes na interação planta-
patógeno. Para isso, o uso de plantas-modelo é a maneira mais rápida de obter essas 
respostas. Embora já descrita como hospedeira para X. fastidiosa, A. thaliana é pouco usada 
devido à falta de um fenótipo associado a infecção pela bactéria. Em vista disso, no capitulo 
1, foi realizada uma melhor caracterização em A. thaliana dos fatores associados à 
patogenicidade de X. fastidiosa, tais como migração, colonização e população bacteriana 
durante a infecção. Adicionalmente, foi observado e quantificado o sintoma de arroxeamento 
nas folhas infectadas, devido ao acúmulo de antocianina, caracterizando assim um sintoma 
visual para futuros trabalhos envolvendo A. thaliana como planta modelo. Nos capítulos 
seguintes foram realizados estudos funcionais utilizando mutantes de A. thaliana para genes 
homólogos àqueles diferencialmente expressos em C. reticulata. Dois genes, AtRAP2.2 e 
AtRPS5, mostraram estar envolvidos na resistência a X. fastidiosa, pois na ausência deles a 
bactéria colonizou mais eficientemente o hospedeiro. O gene AtRAP2.2 codifica um fator de 
transcrição da superfamília AP2/ERF relacionado a uma via de sinalização mediada por etileno 
que regula genes associados à defesa contra Botrytis cinerea, enquanto o gene AtRPS5 codifica 
uma proteína tipo CC-NBS-LRR, responsável pelo reconhecimento do efetor AvrPphB de P. 
syringae e desencadear resposta de defesa. Em C. reticulata não há informações sobre o papel 
desses genes, por isso estudos com A. thaliana objetivaram obter mais informações sobre 
suas funções na resistência a X. fastidiosa. Assim, estudos revelaram que tanto a localização 
subcelular quanto a estrutura 3D das proteínas CrRAP2.2 e CrRPS5 era conservada em relação 
a seus homólogos em A. thaliana, o que sugere uma conservação das funções e 
consequentemente ortologia funcional. Um estudo detalhado em A. thaliana mostrou que 
tanto o sintoma de acúmulo de antocianina como a população bacteriana eram maiores no 
mutante rap2.2 e diminuíram com a superexpressão de CrRAP2.2 em Col-0 ou 
complementação no mutante. Dessa forma, plantas de C. sinensis foram transformadas com 
CrRAP2.2 e desafiadas com X. fastidiosa. O evento T142 que apresentou maior expressão de 
CrRAP2.2 foi o que apresentou maior resistência a CVC, com potencial para futuros ensaios 
em campo. Os resultados de inoculação e microscopia confocal confirmaram que maior 
colonização e migração de X. fastidiosa ocorreram no mutante rps5 comparado ao tipo 
selvagem, o que classificaria seu provável ortólogo CrRPS5 como importante na defesa da 





The bacterium Xylella fastidiosa causes Citrus Variegated Chlorosis (CVC) in sweet orange 
(Citrus sinensis), the main specie of economic importance, due to its use for orange juice 
production, one of the main Brazilian agribusiness commodities. The importance of this 
bacterium gained more prominence due to its recent occurrence in Europe and the high losses 
in the olive trees culture. In the citrus case, all varieties of sweet orange are affected by the 
disease, but mandarins (Citrus reticulata) are resistant. Due to the prior identification of the 
transcriptome of genes associated with resistance of C. reticulata to X. fastidiosa, it is essential 
to understand the function of these genes in the plant-pathogen interaction. For this, the use 
of model plants is the fastest way to get these answers. Although previously described as host 
for X. fastidiosa, A. thaliana is poorly used because of the lack of a phenotype associated with 
bacterial infection. Therefore, in chapter 1, A. thaliana was better characterized by factors 
associated with the pathogenicity of X. fastidiosa, such as migration, colonization and bacterial 
population during infection. In addition, it was observed and quantified the purple top 
symptom in infected leaves, due to the anthocyanin accumulation, characterizing a visual 
symptom for future works involving A. thaliana as a model plant. In the following chapters, 
functional studies using A. thaliana mutants for genes homologous to those differentially 
expressed in C. reticulata were performed. Two genes, AtRAP2.2 and AtRPS5, were shown to 
be involved in resistance to X. fastidiosa, because in their absence the bacterium more 
efficiently colonized the host. The AtRAP2.2 gene encodes a transcription factor from AP2/ERF 
superfamily related to an ethylene-mediated signaling pathway that regulates genes 
associated with the defense against Botrytis cinerea, while the AtRPS5 gene encodes a CC-
NBS-LRR type protein, responsible for the recognition of the AvrPphB effector of 
Pseudomonas syringae and triggering defense response. In C. reticulata there is no 
information about the role of these genes, so studies with A. thaliana aimed to obtain more 
information about their functions in resistance to X. fastidiosa. Thus, studies revealed that 
both the subcellular localization and the 3D structure of CrRAP2.2 and CrRPS5 proteins were 
conserved relative to their homologs in A. thaliana, suggesting a conservation of functions and 
consequently functional orthology. A detailed study in A. thaliana showed that both the 
anthocyanin accumulation symptom and the bacterial population were larger in the rap2.2 
mutant and decreased with CrRAP2.2 overexpression at Col-0 or complementation in the 
mutant. Thus, C. sinensis plants were transformed with CrRAP2.2 and challenged with X. 
fastidiosa. The event T142 that presented greater expression of CrRAP2.2 was the one that 
presented greater resistance to CVC, with potential for future field trials. The results of 
inoculation and confocal microscopy confirmed that increased colonization and migration of 
X. fastidiosa occurred in the rps5 mutant compared to the wild type, which would classify its 
probable orthologous CrRPS5 as important in the defense of the plant to X. fastidiosa, being 
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1.1. A CITRICULTURA E A CLOROSE VARIEGADA DOS CITROS (CVC) 
Apesar da grande organização e da competitividade do setor citrícola nacional, a 
produtividade dos pomares é constantemente afetada por pragas e doenças agrícolas que 
causam enormes prejuízos aos produtores. Atualmente existem inúmeras pragas e doenças 
que acometem a citricultura paulista, sendo que um levantamento recente das principais 
doenças revelou que mais de 60 milhões de árvores de laranja são afetadas, o que 
corresponde a mais de 30% das árvores presentes no cinturão citrícola e triângulo mineiro, 
principais regiões produtoras do país (Fundecitrus, 2018). 
Dentre as principais doenças que atacam os pomares, a Clorose Variegada dos 
Citros (CVC), causada pela bactéria Xylella fastidiosa, tem impactado negativamente a 
produção citrícola em São Paulo desde seu surgimento nos anos 80. A incidência de CVC na 
região sudeste vêm diminuindo recentemente (Fundecitrus, 2018) graças às iniciativas de 
pesquisa e manejo que foram desenvolvidas ao longo de vários anos. É o resultado de esforços 
de um manejo cada vez mais intenso da doença, principalmente do controle químico dos 
vetores (cigarrinhas) através do uso intenso de inseticidas, com amplo espectro, que 
atualmente também é usado no controle do psilídeo transmissor da bactéria Candidatus 
Liberibacter asiaticus causadora do HLB, além do plantio de mudas sadias. Entretanto, apesar 
destes números favoráveis, o elevado custo de produção como consequência deste manejo 
intenso, atrelado ao baixo preço da caixa de laranja, tem levado muitos produtores, 
principalmente de pequeno e médio porte a desistirem da citricultura no Estado de São Paulo.  
Se na região Sudeste a incidência de CVC vêm diminuindo, por outro lado, em 
áreas como na região nordeste, a incidência da doença vem aumentando e comprometendo 
grande parte da produção citrícola (GCONCI, 2015). A região nordeste possui a segunda maior 
área plantada de laranja do Brasil, embora vários fatores como a baixa tecnologia de produção 
e incidência de doenças corroboram para uma baixa produtividade, sendo apenas a terceira 
região em produção, atrás da região sul (IBGE, 2017). Enquanto a região sudeste possui uma 
produtividade média de 32,16 toneladas/hectare, a região nordeste apresenta quase 3x 
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menos: apenas 12,42 toneladas/hectare (IBGE, 2017). Dessa forma, o combate à CVC pode 
contribuir bastante para ganhos de produtividade nessa região. 
O elevado uso de defensivos agrícolas na citricultura tem um impacto direto e 
negativo no ambiente, ou seja, afeta a sustentabilidade ambiental, onde pragas antes tidas 
como secundárias ganham o status de primária. Num período onde a sustentabilidade 
ambiental é a bandeira para abertura de mercados no mundo globalizado, a procura por 
alternativas mais sustentáveis no manejo de doenças como a CVC se faz necessário para 
manter o Brasil na produção desta “commodity” agrícola. 
 A CVC afeta todas as variedades de Citrus sinensis (laranja doce) que é principal 
espécie do agronegócio citrícola. Porém nem todas as espécies de citros são afetadas pela X. 
fastidiosa, algumas cultivares de tangerinas (Citrus reticulata) e alguns de seus híbridos com 
laranjas doce apresentam resistência ou tolerância a X. fastidiosa, e por isso são objetos de 
estudo visando a busca por fontes de resistência genética para transferência em laranja doce 
(Coletta-Filho et al. 2007; De Souza et al., 2007, De Souza et al., 2009; Gmitter et al., 2012).  
Outro fator importante para a produção citrícola brasileira é a queda na 
concorrência mundial de produção de laranja devido ao aumento da incidência de Greening 
na produção estadunidense de laranja doce, principal competidor. Em 2017, a produção 
brasileira atingiu a marca de 398,35 milhões de caixas de laranja, mais de sete vezes a 
produção americana de 54 milhões de caixas (CitrusBr, 2018). Dessa forma, há um estímulo 
para produção de laranja e consequentemente maiores cuidados e investimentos no controle 
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1.2. MECANISMOS DE RESISTÊNCIA GENÉTICA À CVC 
Como já mencionado, um dos estresses bióticos mais impactantes para a 
citricultura brasileira é a CVC. Dessa forma, trabalhos voltados para o entendimento das 
interações moleculares planta resistente/suscetível – X. fastidiosa foi realizado utilizando 
informações do CitEST (De Souza et al., 2007a, 2007b, De Souza et al., 2009). Apesar de C. 
reticulata ser resistente a X. fastidiosa, verificamos por PCR e isolamento da bactéria de forma 
temporal, que X. fastidiosa tem uma breve colonização em C. reticulata até aproximadamente 
60 dias, onde há uma diminuição significativa na população bacteriana, seguida de morte e 
desaparecimento do patógeno no hospedeiro (Fig.1). Assim, com o projeto do Instituto 
Nacional de Ciência e Tecnologia (INCT) apoiado pelo 
CNPq/FAPESP e coordenado pelo Centro APTA 
Citros, denominado INCT-Citros, o banco de dados 
foi ampliado usando sequências expressas de C. 
reticulata (resistente a X. fastidiosa) e C. sinensis 
(suscetível a X. fastidiosa) durante os estágios iniciais 
de infecção por X. fastidiosa utilizando RNA-Seq 
(Rodrigues et al., 2013). Devido a todas as informações disponíveis de sequências expressas  
publicamos um modelo hipotético para explicar como C. reticulata responde a infecção de X. 
fastidiosa (Gmitter et al., 2012) (Fig. 2).  
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Figura 2. Modelo hipotético de resistência de C. reticulata a X. fastidiosa. A sinalização 
celular de resposta de defesa a X. fastidiosa em C. reticulata parece ocorrer primeiramente 
pela percepção de sinais moleculares oriundos da degradação de parede celular vegetal pela 
X. fastidiosa antes de formar um biofilme maduro, e assim ativar a via de sinalização mediada 
por Auxina/JA/Etileno. Depois, após a X. fastidiosa formar um biofilme maduro outras 
moléculas PAMP são percebidas pelo hospedeiro através de receptores PRR (RLK-LRR, dois 
deles superexpressos em nosso estudo), sugerindo que PTI possa ser inicialmente ativado. 
Posteriormente a indução de um gene que codifica CC-NBS-LRR sugere que X. fastidiosa 
poderia ter um efetor citosólico desconhecido que pode ser reconhecido por este gene de 
resistência. Isto poderia ativar MAPKs que levam à transdução do sinal. Essa ativação mais 
tardia, seja por PTI ou ETI ativa genes associados a sinalização de ácido salicílico e genes 
dependentes de NPR. Genes associados com stress oxidativo, proteínas PR, miraculina, P450 
e os outros foram expressos 30 dias após infecção (DAI) e podem estar envolvidos no aumento 
da resistência ao patógeno. Aos 60 DAI há um aumento de P450, estresse oxidativo, proteínas 
PR e compostos fenólicos, o que culmina no desaparecimento da bactéria na planta. 
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Nesse modelo inicialmente X. fastidiosa é percebida por receptores do hospedeiro 
(Receptores de PAMPs – PRR) de forma inespecífica devido a moléculas derivadas do 
patógeno (PAMPs) (foram detectados dois receptores dessa família no nosso estudo). Ainda 
em estágios iniciais X. fastidiosa parece ser reconhecida pelo hospedeiro como um organismo 
necrotrófico, uma vez que, na planta resistente aumenta a expressão dos genes relacionados 
a sinalização por auxina e jasmonato (Rodrigues et al 2013) (Fig 2). Essa hipótese é reforçada 
pelo fato de X. fastidiosa ser inoculada pelo inseto vetor diretamente nos vasos do xilema, 
que é composto principalmente de células mortas, e ao fato da bactéria ser capaz de degradar 
a parede de células vegetais, e dessa forma, as moléculas oriundas dessa degradação poderia 
ser um sinal similar ao que ocorre em microrganismos necrotróficos. Em um estágio mais 
avançado da infecção a indução de auxina/jasmonato diminui significativamente e aumenta 
os genes associadas a ácido salicílico (SA) e os genes responsivos aos mesmos (Rodrigues et 
al., 2013). No mesmo tempo aumenta a expressão de um gene CC-NBS-LRR que está associado 
ao reconhecimento de elicitores específicos do patógeno (Fig. 2). Esse gene está mais 
associado ao reconhecimento de proteínas Avr que são secretadas pelo sistema de secreção 
do tipo III (T3SS) nas bactérias. Entretanto, como X. fastidiosa não tem T3SS a possibilidade da 
presença de um efetor especifico foi descartada. Porém nossos estudos sugerem haver 
alguma molécula que mais tardiamente é reconhecida de forma específica pela planta, o que 
culmina na diminuição de Auxina/JA, aumenta CC-NBS-LRR, SA e mais tardiamente compostos 
fenólicos, ROS e consequentemente a eliminação da bactéria na planta. Nossos trabalhos de 
expressão gênica apontam para uma resposta genética mediada pelo reconhecimento da 
bactéria inicialmente como um organismo necrotrófico, induzindo genes relacionados com a 
via de sinalização de auxina (modificando a parede celular vegetal) e posteriormente altera a 
resposta a um patógeno biotrófico (possivelmente pelo reconhecimento de outras moléculas 
PAMPs da bactéria quando em biofilme maduro) ativando genes de defesa mediados por SA 
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1.3. USO DE PLANTAS MODELO NA INTERAÇÃO PLANTA-XYLELLA 
 
O uso de plantas-modelo tem se tornado uma prática cada vez mais adotada em 
virtude dos avanços em conhecimento e tecnologias disponíveis. Considerando a importância 
de A. thaliana como planta modelo para gerar respostas mais rápidas sobre a função de genes 
no patossistema-X. fastidiosa, alguns estudos visaram caracterizar melhor a sintomatologia, 
colonização e migração da bactéria no xilema da planta (Pereira et al., 2018). Dessa forma, um 
melhor entendimento da interação Arabidopsis-Xylella também favorece o entendimento de 
interações quando A. thaliana for alterada geneticamente. Neste sentido o uso de plantas 
modelo é fundamental para o avanço no conhecimento da funcionalidade dos genes da planta 






2.1. OBJETIVOS GERAIS 
 
- Avaliar a capacidade de infecção de X. fastidiosa em A. thaliana através do estudo da 
sintomatologia, migração e colonização da bactéria no hospedeiro. 
 
- Estudar o papel biológico do fator de transcrição RAP2.2 de C. reticulata na resistência a X. 
fastidiosa usando A. thaliana como planta modelo.  
 
- Estudar o papel biológico do gene de resistência RPS5 de C. reticulata na resistência a X. 






Para melhor apresentar os resultados de cada um dos objetivos, a 
tese foi dividida em 3 capítulos: 
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3.1.1. Abstract 
The bacterium Xylella fastidiosa is a multi-host pathogen that affects perennial 
crops such as grapevine, sweet orange, and olive tree worldwide. It is inherently difficult to 
study these pathosystems owing to the long-term growth habit of the host plant. Thus, the 
availability of model plants becomes essential to accelerate discoveries with economic impact. 
In this study, we uncovered evidence that the model plant Arabidopsis thaliana can be 
colonized by two different Xylella fastidiosa subspecies, pauca and fastidiosa.  We observed 
that these bacteria are able to move away from the inoculation point as high bacterial 
populations were found in distant tissues. In addition, confocal laser scanning microscopy 
analysis of bacterial movement inside the petiole revealed the ability of the bacterium to 
move against the net xylem flow during the time course of colonization forming biofilm. These 
findings provide evidence for the capacity of X. fastidiosa to colonize Arabidopsis. 
Furthermore, leaves inoculated with X. fastidiosa showed a significant accumulation of 
anthocyanin.  We propose that the X. fastidiosa subsp. pauca or fastidiosa colonization 
pattern and anthocyanin accumulation in the Arabidopsis ecotype Col-0 can be used as marker 
phenotypes to facilitate further studies aimed at improving genetic components involved in X. 
fastidiosa-host interaction. 
 





Xylella fastidiosa is a xylem-limited plant pathogen that causes diseases in more 
than 100 plant species including many crops such as citrus, grape, almond, coffee, and plum 
among others (Rapicavoli et al., 2018). Until very recently this phytopathogen has caused crop 
damage only in the Americas; however, in 2013 it was found to cause the Olive Quick Decline 
Syndrome (OQDS), a disease responsible for the death of thousands of olive trees in southern 
Italy (Saponari et al., 2013). Since then, the bacterium has been found in other countries and 
is a reason for great concerns regarding food security in the European Union. Xylella 
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fastidiosa is now considered a quarantine pathogen included in the European and 
Mediterranean Plant Protection Organization (EPPO) A 1 list (Mang et al., 2016). Currently, X. 
fastidiosa is divided into five 
subspecies: fastidiosa, pauca, multiplex, sandyi, and morus (Almeida and Nunney, 2015). 
Subspecies fastidiosa and pauca are the most widely studied as they cause economic damage 
in important crops such as grapevines in the North and Central America (X. 
fastidiosa subsp. fastidiosa) as well as citrus and olive (X. fastidiosa subsp. pauca) in South 
America and Italy (Tumber et al., 2014; Bové and Ayres, 2007; Luvisi et al., 2017a).  
The existence of different level of host susceptibility is well recognized in the 
Xylella-pathosystems. For instance, there are susceptible and resistant varieties of grape in 
response to X. fastidiosa (Fry & Milholland, 1990; Baccari & Lindow, 2010). Plant resistance 
and susceptible are also observed in citrus (Coletta-Filho et al., 2007; Niza et al., 2015) and 
olive (Giampetruzzi et al., 2016; Luvisi et al., 2017b), providing the opportunity to identify 
defense response associated genes in the plant host that could impair X. 
fastidiosa colonization (De Souza et al., 2007; Lin et al., 2007; Yang et al., 2011; Rodrigues et 
al., 2013; Chakraborty et al., 2016; Giampetruzzi et al., 2016). Although these studies have 
contributed significantly to the knowledge regarding Xylella-plant interactions, the 
functionality of the genes identify remains elusive. A major impediment to advance current 
knowledge on the function of defense-associated gene in this pathosystem is the slow growth 
of the perennial hosts and the long incubation period for symptom development (Almeida et 
al., 2001, Coletta-Filho et al., 2007, Saponari et al., 2017). In addition, genetic transformation 
using perennial crops such as grapevines, citrus, and olive are very laborious due the long 
juvenile period necessary to analyze the gene function during pathogen colonization 
(Mencuccini et al., 1999; Peña et al., 2001; Saporta et al., 2016). 
The model plant Arabidopsis is widely used to study many aspects of plant-
pathogen interactions (Windram et al., 2012; Witzel et al., 2015) owing to the large and 
readily available collection of mutants (Alonso et al., 2003), fast growth habit and established 
genetic transformation protocols (Clough and Bent, 1998), and comprehensive literature on 
plant responses to pathogens (Schlaich, 2011). Thus, we sought to establish a robust 
procedure to investigate the function of X. fastidiosa defense-associated gene using 
Arabidopsis as a potential host plant.  
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Here, we show that the Arabidopsis ecotype Col-0 can be a model host for two 
different subspecies of X. fastidiosa, subsp. pauca and fastidiosa. These bacteria colonize the 
xylem vessel of the floral stem, roots, and leaves during the time course of colonization. 
Moreover, we found a significant accumulation of anthocyanin in leaves inoculated with X. 
fastidiosa providing an opportunity to use this phenotype as a quantitative marker for plant 
colonization. This newly discovered pathosystem will facilitate further studies aimed at 
improving genetic resistance against X. fastidiosa. 
 
 
3.1.3. Material and Methods 
 
 
3.1.3.1. Arabidopsis thaliana ecotypes and X. fastidiosa inoculation 
The bacterial strains X. fastidiosa subsp. pauca 9a5c (Simpson et al., 2000) and X. 
fastidiosa subsp. fastidiosa Temecula-1 (Van Sluys et al., 2002), hereafter Xfp and Xff, 
respectively, were cultured on Periwinkle Wilt (PWG) media (Davis et al., 1981) for 5 days at 
28ºC in a BOD incubator (TE-391, Tecnal, Piracicaba, SP). Bacterial cells were harvested from 
the plates with 1mL of PBS (Phosphate Buffered Saline) buffer and centrifuged for 1 min at 
16,000 xg. Cell pellets were suspended in sterile, deionized water to an optical density (OD) 
of 0.2, 0.7, or 2.0 to inoculate different Arabidopsis ecotypes (Col-0, Tsu-1, and Van1). 
Additionally, the bacterial concentration in the inoculum was determined using the serial 
dilution plating method. Briefly, each 10-fold dilution was plated on Petri dishes containing 
PWG and incubated at 28°C. After 30 days, the number of colony forming units (CFU) on each 
plate was counted to estimate the inoculum concentration (CFU/mL) used for the 
experiments. Statistical significance between the means (n=8 ± standard error) was calculated 
with the Student’s t-test (P ≤ 0.05). All the experiments were conducted at least two times 
with similar results. 
Seeds of Col-0, Tsu-1, and Van-1 were sown in a Multiplant® substrate (Terra do 
Paraíso, Holambra, SP) with vermiculite in a 5:2 (v:v) proportion. Plants were grown in a 
Conviron® growth chamber, at 220C, 60±5% relative humidity, and 12-h photoperiod with light 
intensity of 100 μmol.m-2.s-1. Plant inoculation was done according to the procedure described 
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by Rogers (2012) with some modifications. Briefly, four-week old plants were used for 
inoculation and plants were not irrigated one day before and one day after the inoculation to 
optimize the inoculation efficiency. Four young, fully expanded rosette leaves were inoculated 
by dropping 5 µL of the inoculum on the midrib at the petiole-leaf junction. The petiole tissue 
under the drop was pricked seven to eight times using an insulin needle 13 mm x 0.38 mm 
(Becton Dickinson®, Franklin Lakes, NJ). Water-inoculated plants were used as a mock control. 
Plants were kept well-watered during the experimental time. 
 
3.1.3.2. Xfp and Xff detection 
A total of 24 plants were inoculated with either water or bacterial inoculum from 
both strains. The tissue from rosette base was collected at 7, 14, and 21 days after inoculation 
(dai). DNA was extracted using the protocol developed by Doyle & Doyle (1990). DNA quality 
and quantity was determined by agarose gel electrophoresis and NanoDrop 8000 (Thermo 
Scientific, Waltham, MA), respectively. PCR-based diagnostic was done for both 
bacterial subspecies using the primers RST31 (5′-GCGTTAATTTTCGAAGTGATTCGATTGC-3′) 
and RST33 (5′-CACCATTCGTATCCCGGTG-3′) as described by Minsavage et al. (1994). Two 
independent experiments were conducted with similar results. 
To confirm  the X. fastidiosa colonization, samples of the floral stem 0.5 cm above 
the rosette base were collected at 14 dai, immersed into Karnovsky buffer (Glutaraldehyde 
2.5%, Paraformaldehyde 2.5% in 0.1 M sodium cacodylate buffer pH 7.2), and kept at 4°C for 
further evaluation using scanning electron microscope (SEM). Samples were cut with a 
microtome SM2010R (Leica, Wetzlar), immersed into the same buffer, and dehydrated for 10 
min in each acetone solution of increasing concentration (50%, 70%, 90%, 95% and 100%). 
Subsequently, samples were dried in Balzers CPD030 desiccator, coated with gold using 
Balzers SCD050 sputter coater, and observed under a SEM (TM3000, Hitachi, Japan). Pictures 
were taking using the LAS X software (Leica) and analyzed in Adobe Photoshop CS6 (Adobe 
Systems, San Jose, CA). 
For X. fastidiosa isolation, the rosette base of three plants containing the petioles 
were harvested and kept in a 15 mL tube. Then, sample surface sterilization was processed in 
four steps: (1) rinsing with sterile water for 1 min; (2) rinsing with 70% ethanol for 2 min; (3) 
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rinsing with 1% sodium hypochlorite for 2 min; and (4) washing twice with sterile and 
deionized water. Each rinsing step included vortexing and removing the solution before the 
next step. Surface-sterilized plant material was placed on a sterile Petri dish, sliced using a 
sterile scalpel, placed in a 2 mL microtube, and homogenized in 1 mL of PBS buffer using a 
sterile glass stirring rod and a vortex. Ten-fold serial dilutions of the homogenized suspension 
were diluted 1 x 10-4 times by transferring 100 µL of the homogenate to a new tube containing 
900 µL of PBS. Aliquots of 10 µL of each dilution were plotted to either PW or Buffered 
Charcoal Yeast Extract (BCYE) solid medium (Wells et al., 1981) and the plates were incubated 
at 28 ºC until the appearance of colonies (approximately 15 days). Colonies were identified 
as X. fastidiosa based on fastidious growth, coloring, and PCR using primers specific to X. 
fastidiosa (Minsavage et al., 1994). 
 
3.1.3.3. Evaluation of X. fastidiosa colonization of Arabidopsis 
A total of 48 plants were inoculated with either Xfp or Xff as described above and 
the presence of bacterial cells in systemic tissues were determined by qPCR. Rosette, floral 
stem (3 cm above the rosette base), and roots (3 cm below the rosette base) were harvested 
at 7, 14, and 21 dai and weighed to estimate the bacterial population by gram of tissue. qPCR 
reactions to detect Xfp were setup in a total volume of 25 µL containing 5 µL of HOT FIREPol® 
Probe qPCR Mix Plus (Solis BioDyne, Tartu, Estonia), 525 nM of the primers CVC-1 (5’-AGA TGA 
AAA CAA TCA TGC AAA-3’) and CCSM-1 (5’-GCG CAT GCC AAG TCC ATA TTT-3’), 500 nM 
TAQCVC probe (5’-(6FAM)AAC CGC AGC AGA AGC CGC TCA TC (TAMRA)p-3’) (Oliveira et 
al., 2002) and 200ng of DNA template. qPCR reactions to detect Xff were setup in a total 
volume of 25 µL containing SsoAdvanced Universal Probes Supermix (BioRad®, Berkeley, CA), 
0.4µM of the probe (5´-TGGCAGGCAGCAACGATACGGCT-3´) marked with FAM at the 5´-end 
and BHQ1 in the 3´-end (Sigma-Aldrich, St Louis, MO), 0.2µM of primers HL5 (5´-
AAGGCAATAAACGCGCACTA-3´) and HL6 (5´-GGTTTTGCTGACTGG CAACA-3´) (Francis et 
al., 2006) and 200ng of DNA template. A negative control (DNA from mock-inoculated plants) 
and a positive control (bacteria genomic DNA) were included in all experiments. The 
amplification parameters were used according to Oliveira et al., 2002 (50°C for 2 min, 95° for 
10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C) and capture of the signal was 
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obtained in an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Foster City, 
CA). All samples were processed in duplicates (technical replicates) and the experiment was 
repeated at least twice (biological replicates) with similar results. 
A standard curve for X. fastidiosa quantification was prepared using as a reference 
the molecular weight of 1 genome of X. fastidiosa that is equal to 2.94 x 10-6 ng (Muranaka et 
al., 2013, Guan et al., 2013). Considering that 1 genome corresponds to 1 cell, it is possible to 
estimate the number of cells according to the amount of X. fastidiosa DNA (e.g., 294 ng 
corresponds to 1 x 108 cells). The standard curve was produced using known concentrations 
of genomic DNA of X. fastidiosa obtained from 10-fold serial dilutions from 1 × 10−2 to 1 × 10-
8. DNA from X. fastidiosa was mixed with DNA of healthy Arabidopsis plants (100 ng/µL), 
aiming to simulate the natural conditions where the plant cells are infected with X. 
fastidiosa and DNA extraction is performed for diagnostic and bacterial quantifications 
(Muranaka et al., 2013; Guan et al., 2013). Table 1 shows the Ct obtained for each range point 
for each bacterium. The standard curve for Xfp detection was [y = -2.8607x (DNA copy 
number) + 35.432] with R2 = 0.9944 and the standard curve for Xff detection was [y = -3.3964x 
(DNA copy number) + 39.154] with R2 = 0.9987. Based on the comparison with controls, an 
increase in fluorescent signal below a threshold of 36 PCR cycles was considered positive (i.e., 
Ct < 36). Two independent experiments were performed with similar results and statistical 
significance among the means was calculated using ANOVA followed by Tukey test (P < 0.05).  
 
3.1.3.4. Confocal laser scanning microscopy (CLSM) 
Xff–expressing green fluorescent protein (GFP) (Newman et al., 2003) was 
inoculated onto the midrib at the petiole-leaf junction in four-week old plants. A total of 152 
transversal cross-sections were performed for 18 petioles at 7, 12, 17, 24 and 31dai. Petiole 
cross-sections were observed under a TCS SPE CLSM (Leica) equipped with a 63x water-
immersion objective and filter sets to detect fluorescent protein (GFP and CFP) and 
chlorophyll. Sequential scanning was conducted to avoid misinterpretations of overlapping 
fluorescent channels. Pictures were taking using a LAS X software (Leica) and analyzed in 
Adobe Photoshop CS6 (Adobe Systems, San Jose, CA). 
 
    25 
 
3.1.3.5. Plant fresh and dry weight measurements 
Fifteen plants were inoculated with either bacterium or water (mock control) as 
described above. Five weeks after inoculation, rosette were harvested and immediately 
weighed. Subsequently, the same plants were dehydrated in an oven incubator set at 110°C 
for 20 hours to obtain the dry weight. Two independent experiments were conducted and 
statistical analysis was performed using ANOVA followed by Tukey test (P < 0.05). 
 
3.1.3.6. Anthocyanin detection assay 
Arabidopsis plants were inoculated as described above and the floral stems were 
regularly cut at the base until the time for anthocyanin quantification. This procedure ensured 
the robustness of the assay. The amount of anthocyanin accumulated in inoculated leaves was 
determined according to Chen et al., (2013). Three to four leaves were frozen in liquid 
nitrogen and ground to a fine powder, followed by the addition of 1 mL of methanol containing 
1% HCl and overnight incubation at 4oC in the dark. Anthocyanin was separated from organic 
elements and cell components by adding chloroform and centrifuged at 16000 xg for 10 min. 
The aqueous phase of the supernatant was transferred to a new tube containing 1 mL of 60% 
methanol 1% HCl: 40% deionized water solution. The absorbance was measured at 530nm for 
anthocyanin and at 657nm for chlorophyll using a spectrophotometer (Spectronic 20, Bausch 
& Lomb). The concentration of anthocyanin was determined according to the formula A530nm 
– (0.25 x A657nm)/g of fresh weight (Chen et al., 2013). Statistical significance among the 












3.1.4.1. Xfp colonization of Arabidopsis ecotypes 
Previous studies have demonstrated that different Arabidopsis ecotypes support 
variable population levels of Xff Temecula-1 strain, where the ecotype Col-0 had the smallest 
bacterial population and Tsu-1 was the most susceptible ecotype (Rogers, 2012). Thus, we 
verified whether the Xfp 9a5c strain also shows similar trends in bacterial growth within the 
ecotypes Col-0, Tsu-1, and Van-0.We observed that Xfp is able to efficiently survive at a high 
level in all ecotypes (Fig. 1A).  
 
Fig. 1. Colonization of Arabidopsis ecotypes by Xfp. (A) Evaluation of Xfp population in of 
three different ecotypes (OD600nm=0.7). (B) Xfp population in Col-0 is not affected by different 
concentration of inoculum. Results in the graphs are shown as mean of two independent 
expreriments, biological replicates (n = 12) ± standard error (SE). Statistical difference among 
the means of different genotypes was determined with ANOVA followed by the Tukey’s test 
(P ≤ 0.05). FW = Fresh Weight. OD = Optical Density.  
 
Interestingly, unlike Xff (Rogers, 2012), Xfp population was significantly higher (2-
10 fold) in Col-0 as compared to its survival in the other ecotypes (Fig. 1A). To verify whether 
this apparently contrasting result was due the different inoculum concentration used in both 
experiments (i.e., 0.2OD600nm used by Rogers, 2012 and 0.7 OD600nm used in this study), we 
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repeated the experiment with several inoculum concentrations (0.2, 0.7, and 
2.0). Xfp colonization of Col-0 does not differ in response to inoculation dose as we detected 
similar amounts of bacterial cells from all tissue samples (Fig. 1B). In fact the inoculum OD is 
very dependent of the time of bacteria growth on the plate. In this study, we used bacteria 
that grew from 5 to 6 days on solid media, otherwise the amount of exopolysaccharide 
produced by old cells can mask the real number of living cells in OD measurement and 
generate not reproducible results after plant inoculation. Altogether, these results indicate 
that Col-0 is a good reference ecotype to study Xfp colonization of plants and it was chosen 
for further analyses.   
 
3.1.4.2. Xfp and Xff colonization of Col-0 
Next, we compared Xfp and Xff inoculation efficiencies in Col-0 to verify whether 
the behavior of these bacteria differ in our experimental setup.  Indeed, Xfp was more able to 
infect Col-0 than Xff as the index of detection for these bacteria was 80-100% and 50–80%, 
respectively during time course of colonization (Fig. 2A and B). This result is in agreement with 
the findings reported by Rogers (2012). 
    28 
 
 
Fig. 2. Xylella fastidiosa colonizes Col-0. (A) Detection of X. fastidiosa subspecies pauca (B) 
and fastidiosa in Col-0 by PCR at 7, 14, and 21 dai. (C) Scanning electron micrographs showing 
the presence of X. fastidiosa in xylem vessels of Col-0 floral stem at 14 dai in transversal (left) 
and longitudinal (right) sections. (D) Micrographs of floral stem of mock-inoculated plants. 
 
To rule out the possibility that the positive detection of bacteria was due to 
survival of bacterial cells from the inoculum, the detection analysis was performed in distant 
tissues using SEM. As this analysis was performed using tissue above the rosette base, we 
confirmed that plants positive for colonization was a consequence of the movement of the 
bacteria in the xylem. SEM revealed that Xfp cells colonized the xylem stem above the rosette 
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base at 14 dai (Fig. 2C).  In addition, bacterial isolation in BCYE medium at 7 and 21 dai 
confirmed that those were living cells (2.7x106 CFU/g of tissue; SE= ± 2.2x105).    
 
3.1.4.3. Xfp and Xff systemically colonize Col-0 
It is well-known that X. fastidiosa spp. are able to systemically colonize susceptible 
hosts such as citrus, grapevine, and olive trees (Newman et al., 2003; Niza et al., 2015; 
Saponari et al., 2017). Thus, to verify whether Xfp and Xff can also colonize Col-0 systemically, 
we enumerated the bacterial population in different parts of the plant during the time course 
of colonization. 
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Fig. 3. Quantification of X. fastidiosa populations in different Col-0 organs. (A) The 
population of X. fastidiosa subsp. pauca and (C) fastidiosa was analyzed by qPCR at 7, 14, and 
21 dai in the rosette base, floral stem, and roots. (B) Cartoon illustrating the inoculation point 
and the plant materials collected for bacterial enumeration. Results in the graphs are shown 
as mean of two independent experiments, biological replicates (n = 12) ± standard error (SE). 
Statistical difference among the means of different genotypes was determined with ANOVA 
followed by the Tukey’s test (P ≤ 0.05). FW = Fresh weight. 
 
As expected, a large bacterial population was observed in the rosette base, which 
is the sample closest to the inoculation point. At this region, Xfp population remained at the 
same level (6 logs) (Fig. 3A), while the Xff population ranged from 5 to 6 logs throughout the 
experimentation time (Fig. 3C). The bacterial population in the floral stem was of similar size 
for both strains (4-5 logs), but significant variation during the time course of colonization was 
observed to Xff (Fig. 3A and C). No variation in bacterial population sizes in roots was observed 
along the time course of colonization; however, the population of Xfp was 10 times larger than 
that of Xff. These results demonstrate that Col-0 can be colonized systemically by both strains 
of X. fastidiosa as bacteria were found in all distant tissues analyzed (i.e., rosette base, floral 
stems and roots (Fig. 3). An illustration of the plant tissues used for the experiments is shown 
in Fig. 3B. 
 
3.1.4.4. Xff moves against the xylem net flow in Col-0 petioles 
As Xff is able to move against the xylem net flow in its grapevine host (Meng et 
al., 2005; Li et al., 2007), we sought to evaluate whether Xff have the same behavior in Col-0. 
Petioles were inoculated with Xff-GFP (Newman et al., 2003) and subsequently cut into a 
series of transversal sections at 7, 12, 17, 24, and 31dai (Fig. 4A).   
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Fig. 4. Temporal movement of Xff in Col-0 petioles analyzed by confocal laser scanning 
microscopy. (A) Cartoon illustrating the petiole sections used to analyze the bacterial 
migration out of the inoculation point (red circle). (B) Micrograph showing the vascular tissue 
organization in Arabidopsis petioles. (C) Representative micrographs of transversal sections of 
the petioles showing green fluorescence from X. fastidiosa-GFP inside the xylem bundles, the 
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arrows point to fluorescent bacterial cells. Number on the top of the pictures correspond to 
the sections in panel A. dai = days after inoculation.  
Overall, the bacterial population increased during the time course of colonization 
as the green fluorescence from the bacterium in the xylem bundles increased over time (Fig. 
4C). At 7 dai, we detected Xff until the fourth section and at 17 dai we detected the bacterium 
at the ninth section (Fig. 4C). From 24 to 31 dai the bacterial population increased dramatically 
as visualized by the intense green fluorescence in the xylem bundles (Fig. 4C), which is 
characteristic of biofilm formation (Newman et al., 2003). Xff migration in the xylem of the 
petiole followed the Arabidopsis xylem organization (Nieminen et al., 2004) (Fig 4B), which 
was found inside some vessels of the lateral bundles from 7 to 24 dai, but also colonizing the 
entire central bundle at 31 dai (Fig. 4C). These results confirm that Xff is able to move and 
colonize the xylem bundles of the petiole and reach the xylem of the rosette base of Col-0. 
Bacterial population size was also quantified by qPCR at 35dai (4.4x107 cells/g of tissue; SE= 
±6x106). 
 
3.1.4.5. Xfp and Xff induce anthocyanin accumulation in Col-0 
leaves 
In order to identify plant phenotypes associated with X. fastidiosa colonization, we 
measured the dry matter content (DMC) of bacterial- and mock-inoculated plants. However, 
we have not observed differences among the treatments (Fig. 5A).  
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Fig. 5. Dry matter content and anthocyanin accumulation in Col-0 inoculated leaves. (A) 
Percentage of dry matter content and (B) anthocyanin accumulation of plants inoculated with 
Xfp (on the left) or Xff (on the right).  Pictures were taken at 3 weeks after inoculation with 
Xfp or Xff and water (Mock). Results in the graphs are shown as mean of two independent 
experiments, biological replicates (n = 20) ± standard error (SE). Statistical difference among 
the means was determined with ANOVA followed by the Tukey’s test (P ≤ 0.05).  
 
Interestingly, we noticed an increased purpling in bacterial-inoculated leaves as 
compared to mock control (Fig. 5 B). Thus, we designed experiments to identify the best 
conditions to obtain reproducible results with potential to use anthocyanin accumulation as a 
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phenotypic marker for X. fastidiosa colonization of Arabidopsis. First, we verified a consistent 
anthocyanin accumulation in leaves inoculated with either Xfp or Xff (Fig. 5B) as compared to 
mock control when the floral stem (or its re-growth) of the plant was removed. Second, 
purpling of the infected leaves, indicative of anthocyanin accumulation in this tissue, occurred 
as early as one week after inoculation. The variation in purpling timing depended upon slight 
variations in bacterial inoculum concentration, plant developmental stage, and environmental 
conditions. Third, quantification of anthocyanin accumulation in these leaves revealed that 
bacterium-inoculated leaves contained a significant higher amount of anthocyanin than the 
mock-inoculated leaves (Fig. 5B). Following this procedure, the accumulation of anthocyanin 
proved to be a reliable and quantifiable phenotype to assess Col-0 colonization by both strains 
of X. fastidiosa. 
 
3.1.5. Discussion 
Until very recently, Xfp had been found only in Latin America causing diseases 
mainly in citrus and coffee in Brazil (Coletta-Filho et al., 2017). However, recent detection 
of Xfp in some European countries including serious damages in olive trees in Italy 
underscores the need for developing alternative model host for this subspecies to advance 
knowledge on this pathosystem. Thus, in this study we focused on Arabidopsis, as it was 
previously demonstrated to be a suitable host for Xff (Rogers, 2012) and the well-documented 
genetic basis for its interaction with pathogens (Windram et al., 2012; Zhang et al., 2017). 
We verified that, different from what was observed for Xff (Rogers et al., 2012), 
the best ecotype for Xfp is Col-0 as the bacterial population was significantly higher than the 
Tsu-1 and Van-0 ecotypes independently of the inoculum concentration (Fig.1). Subsequently, 
we observed that the efficiency of inoculation in Col-0 was higher to Xfp (80%) as compared 
to Xff (50%) (Fig. 2). These results suggest that X. fastidiosa subspecies might have different 
behavior in Arabidopsis ecotypes. Nevertheless, when bacterial populations were analyzed in 
different parts of the plant (xylem of rosette base, floral stem and roots) both subspecies were 
able to systemically colonize Col-0. As expected, the bacterial population was higher in the 
rosette base, which is the closest to the inoculation point, than that of other parts of the plant; 
however, the Xff population decreased significantly during the time course of colonization in 
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rosette base and floral stem whereas Xfp population remained constant (Fig. 3). One could 
infer that resistance response in Col-0 could be more efficient towards Xff than to Xfp. 
Xff bacterial population increased in the through the entire petiole during 
colonization (Fig. 4). For instance, small cell aggregates was observed only at the point closest 
to the inoculation site at 7 dai. The entire petiole was colonized after 17 dai and by 24 dai, 
extensive colonization with biofilm-like structures in the xylem was observed in all petiole 
sections (Fig. 4). This finding demonstrates that Xff moves against the water flow in the xylem 
to colonize distant tissues. As the pathogenicity of X. fastidiosa is associated with its capacity 
to move and systemically colonize the plant host (Chatterjee et al., 2008; De la Fuente et 
al., 2013; Caserta et al., 2017), our data suggest that Col-0 is a host for X. fastidiosa and these 
phenotypes can be easily used to test mutants of specific genes in Col-0 that could be 
associated to X. fastidiosa interaction. 
Although the bacterial movement and colonization are excellent phenotypes to 
evaluate Col-0 mutants or to screen for strains of X. fastidiosa with different level of virulence, 
we sought to establish a quick visual tool to facilitate phenotyping of infected plants. Following 
this concept we investigated some phenotypes that could be associated to X. 
fastidiosa colonization of Arabidopsis. During the course of experimentation, we observed 
that only inoculated plants with the two subspecies of X. fastidiosa showed purpling in the 
inoculated leaves, characteristic of anthocyanin accumulation (Fig. 5) (Himeno et al., 2014). 
These symptoms were more evident when the floral stems were clipped off from the rosette. 
Using this procedure, the anthocyanin accumulation was significantly and consistently higher 
in inoculated leaves. In addition, both Xfp and Xff induced similar anthocyanin accumulation 
response. Curiously, anthocyanin accumulation is a characteristic symptom in phytoplasma-
infected plants (Lee et al., 2000). Phytoplasma shares some similarities with X. fastidiosa as 
they are both plant-pathogenic bacteria that inhabit the vascular system (Phytoplasma in 
the phloem and X. fastidiosa in the xylem) and are transmitted by insect vectors (Oshima et 
al., 2013). Using anthocyanin-deficient Arabidopsis mutants, it has been demonstrated that 
anthocyanin accumulation is associated with reduction of leaf cell death caused by 
phytoplasma colonization, indicating that anthocyanin accumulation might be important 
for phytoplasm survival (Himeno et al., 2014). In addition, other studies have shown that 
plant immune responses repress anthocyanin biosynthesis in order to activate plant defenses 
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against bacterial or fungi pathogens (McLusky et al., 1999; Schenke et al., 2011; Serrano et 
al., 2012). Studies involving Arabidopsis immune responses also have shown that synthetic 
immune-elicitor such as flg22 and EF-Tu repress anthocyanin accumulation (Schenke et al., 
2011; Serrano et al., 2012). In addition it is known that A. thaliana grown in low phosphorus 
(P) conditions increases anthocyanin content (Sanchez-Calderón et al., 2006) and X. 
fastidiosa infection causes P deficiency in many crops (Andersen & French, 1987; Silva-Stenico 
et al., 2009; De La Fuente at al., 2013). These facts lead us to speculate that P deficiency could 
also occur in A. thaliana infected with X. fastidiosa and as a consequence inducing 
anthocyanin accumulation. Nevertheless, the role of anthocyanin accumulation in Arabidopsis 
– X. fastidiosa interactions needs to be further investigated. 
There is a large body of literature regarding putative candidate genes involved in 
resistance or susceptibility of well-established crop hosts against X. fastidiosa (Lin et al., 2007; 
De Souza et al., 2007; Yang et al., 2011; Rodrigues et al., 2013; Chakraborty et al., 2016; 
Giampetruzzi et al., 2016; Parker et al., 2016; Sabella et al., 2018). For instance, it has been 
shown that genes involved with X. fastidiosa subsp. fastidiosa movement and biofilm 
formation, important for bacterial pathogenicity, are induced in the presence of 
calcium (Parker et al., 2016). Moreover, genes encoding calcium transporters are significantly 
induced in the susceptible plant Olea europaea cv. Ogliarola salentina infected with X. 
fastidiosa subsp. pauca (Giampetruzzi et al., 2016), suggesting that calcium may contribute 
to X. fastidiosa colonization. However, there is no report on the functional analysis of these 
genes in the host plant to validate this hypothesis. In addition, some genetic mechanisms have 
been suggested as being involved with resistance to X. fastidiosa, for example the activation 
of pattern-recognition receptors, which recognize pathogen-associated molecular patterns 
and trigger cell defense responses (Magalhaes et al., 2016; Rapicavoli et al., 2018). The 
induction of members of these receptors was found in the resistant and tolerant hosts for X. 
fastidiosa subsp. pauca; Citrus reticulata cv. Ponkan (Rodrigues et al., 2013) and Olea 
europaea cv. Leccino (Giampetruzzi et al., 2016) respectively, and in the moderately tolerant 
host Vitis vinifera cv. ‘Thompson Seedless’ (Wallis and Chen, 2012) in response to X. 
fastidiosa subsp. fastidiosa colonization (Chakraborty et al., 2016). It is important to note that 
the identified candidate genes in these pathosystems have high similarity to leucine-rich 
repeat receptor-like kinases (LRR-RLKs) from different plant species, including Arabidopsis 
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(Magalhães et al., 2016). In addition, induction of genetic mechanism involved in cell 
wall lignification is associated with impaired X. fastidiosa colonization in resistant or tolerant 
varieties (Rodrigues et al., 2013, Niza et al., 2015, Giampetruzzi et al., 2016; Sabella et 
al.,2018). These are only few examples of genes or genetic mechanisms involved in X. 
fastidiosa susceptibility or resistance already identified for this widespread phytopathogen 
with no functional validation of the genes involved. The lack of a tractable genetic system has 
been a bottleneck to advance functional analysis to demonstrate the possible role of these 
genes in plant immune response to X. fastidiosa in a timely manner. 
It was previously demonstrated that Arabidopsis could be an alternative host for X. 
fastidiosa subsp. fastidiosa (Rogers, 2012), however this model plant has not been used to 
study key genes associated to plant - X. fastidiosa interactions, despite of the extensive use of 
Arabidopsis to improve the knowledge of genetic mechanisms for many other 
phytopathogens (Windram et al., 2012; Witzel et al., 2015; Panchal et al., 2016). The 
experimental conditions used before by Roger (2012) has not allowed for the discovery of the 
phenotypes we identified, highlighting the importance of defining detailed protocols to 
capitalize on the Arabidopsis resources.  With some modifications in the experimental 
procedure, we showed that Col-0 is an useful host for both X. fastidiosa subsp. pauca and X. 
fastidiosa subsp. fastidiosa where systemic colonization, bacterial movement, and 
anthocyanin accumulation are reproducible phenotypes that can be used to uncover the 
knowledge of genetic mechanisms involved in Xylella-plant interaction. 
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3.1.8. Supplementary Material 
 
Table 1. Standard curves for Xfp and Xff detection by quantitative PCR in A. thaliana. 
Xf cells per 
reactiona 
CVC-1/CCSM-1 HL5/HL6 
CTb (Xfp) CTb (Xff) 
108  13.2  12  
107  15.4  15  
106  17.6  19.1  
105  20.9  22.1  
104  23.6  25.9  
103  27.1  29  
102 30.1  32.1  
aXf-DNA were diluted in Arabidopsis thaliana DNA extracts.  
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3.2. CAPÍTULO 2: The Citrus reticulata CrRAP2.2 transcriptional factor 
shares similar functions to the Arabidopsis homolog and increases 
resistance to Xylella fastidiosa. 
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It is known that Xylella fastidiosa affects all sweet orange varieties (Citrus sinensis), 
but not mandarins (Citrus reticulata), since no symptoms are observed in this species. Many 
genes have been associated with the resistance of C. reticulata to X. fastidiosa, but without 
functional validation. Among them is a transcriptional factor of the AP2/ERF family that is 
homologous to the Arabidopsis thaliana AtRAP2.2 gene. Bioinformatics analysis together with 
subcellular localization and auto-activation assays indicate that RAP2.2 from C. reticulata 
(CrRAP2.2) is a transcriptional factor ortholog to AtRAP2.2. Mutants of A. thaliana have been 
extensively used in functional characterization of genes in different biological processes. The 
AtRAP2.2 gene is involved with biotic and abiotic stress responses, including resistance to 
Botrytis cinerea. Thus we used Arabidopsis rap2.2 mutant to better understand defense 
mechanisms in response to X. fastidiosa. Bacterial inoculation in this mutant resulted in a 
larger population compared to wild type, which was complemented by CrRAP2.2. Besides, 
symptoms of anthocyanin accumulation in consequence of bacterial infection were higher in 
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the mutant and restored by CrRAP2.2, indicating they have conserved functions in plant 
defense response to X. fastidiosa. We therefore transformed C. sinensis with CrRAP2.2 and 
verified a positive correlation between CVC resistance and gene expression in transgenic lines. 
In our knowledge this is the first work to characterize the function of a gene related with X. 
fastidiosa defense response and its application in generating transgenic resistant lines with a 
gene from a closely related species. 
 
 





Xylella fastidiosa is a xylem-limited phytopathogen that causes diseases in many 
perennial crops such as citrus, grape, almond, coffee, plum among others (Rapicavoli et al., 
2018). Until very recently, it was found only in the Americas; however, in 2013 it appeared in 
southern Italy causing the Olive Quick Decline Syndrome (OQDS) in olive trees (Saponari et al., 
2013). Since then, other European countries reported the bacteria and became a major 
concern regarding food security, been considered a quarantine pathogen included in the 
European and Mediterranean Plant Protection Organization (EPPO) A 1 list (Mang et al., 2016). 
Currently, X. fastidiosa is divided into five subspecies: fastidiosa, pauca, multiplex, sandyi, and 
morus (Almeida and Nunney, 2015). The pauca subspecies is responsible for causing Coffee 
Leaf Scorch, Citrus Variegated Chlorosis (CVC), and OQDS. In citrus, X. fastidiosa affects all 
varieties of sweet orange (Citrus sinensis L. Osbeck) but no other Citrus species such as 
mandarins (Citrus reticulata Blanco) and their hybrids (Coletta-Filho et al., 2007; Niza et al., 
2015). Using this information many works have assessed the genetic mechanism of C. 
reticulata involved in X. fastidiosa defense response through global gene expression analysis 
(De Souza et al., 2007; Rodrigues et al., 2013; Mauricio et al., 2018). The main hypothesis is 
that C. reticulata recognizes X. fastidiosa in two different ways, initially as a necrotrophic-like 
pathogen where the genes involved with auxin and ethylene are up-regulated and then as a 
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biotrophic pathogen, where genes involved with salicylic acid increase expression (Rodrigues 
et al., 2013). Such mechanism seems to be somewhat similar in grape susceptible host where 
a sustained jasmonic acid-related response are induced together with an inhibition of salycilic 
acid-related responses, suggesting that X. fastidiosa is initially recognized as a necrotroph 
(Zaini et al., 2018). However, the role of genes in the resistance mechanism is still elusive in X. 
fastidiosa molecular plant-interaction.  
Gene function analysis involving sweet orange is very time consuming due to slow 
growth of the perennial host, long juvenile period and long incubation period for symptoms 
development (Almeida et al., 2001; Peña et al., 2001; Coletta-Filho et al., 2007). To overcome 
this issue, it was recently demonstrated that Arabidopsis thaliana is a good alternative host to 
speed up the functional studies regarding the genetic mechanism associated with X. fastidiosa 
plant-interaction (Rogers, 2012; Pereira et al., 2018).    
A gene encoding a putative transcription factor of the APETALA2/ETHYLENE 
RESPONSIVE FACTOR (AP2/ERF) family was identified as a C. reticulata candidate gene that 
contributes to resistance towards X. fastidiosa (Rodrigues et al., 2013). Thus, we sought to 
analyze the molecular functional of this gene, hereafter named CrRAP2.2. We found that 
CrRAP2.2 is highly similar to the Arabidopsis AtRAP2.2 that is associated with resistance to the 
necrotrophic pathogen Botrytis cinerea (Zhao et al., 2012).  Using a combination of 
bioinformatics, genetic, and phenotypic analyses we determined that ectopic expression of 
CrRAP2.2 in the Arabidopsis rap2.2 mutant complement its susceptibility to X. fastidiosa in the 
initial stages of infection. Furthermore, expression of CrRAP2.2 in C. sinensis is positively 
correlated with CVC resistance. Our results suggest that AtRAP2.2 and CrRAP2.2 share similar 
functions as transcriptional factors and they act as positive regulators of immunity against X. 
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3.2.3. Material and Methods 
 
3.2.3.1. Gene expression analysis 
 
Gene expression analysis was performed in three distinct experiments. First, the 
expression of RAP2.2 was assessed in wild type Citrus sinensis L. Osbeck (Pineapple variety) 
and Citrus reticulata Blanco (Ponkan variety) in response to X. fastidiosa. Briefly, X. fastidiosa 
subsp. pauca strain 9a5c was grown for seven days in PW solid media (Davis et al., 1981) at 
28oC. The cells were suspended in phosphate-buffered saline (PBS) buffer to reach an OD600nm 
of 0.3 (approximately 1 x 108 CFU/mL) and needle-inoculated (Almeida et al. 2001) on the 
stem of C. sinensis and C. reticulata. Inoculations were performed on plants at six months after 
grafting on Rangpur lime (Citrus limonia Osbeck). The xylem was collected at one and seven 
days after inoculation and submitted for RNA extraction according to Rodrigues et al. (2013).  
The second gene expression analysis was done in A. thaliana genotypes for evaluation 
of AtETR1 (At1g66340) and AtPR1 (At2g14610) expression. The third analysis was done in C. 
sinensis transgenic plants aiming to evaluate the CrRAP2.2 expression. 
Total RNA extraction was performed using xylem tissues or petioles and midribs 
with RNeasy plant mini kit (Qiagen, Hilden, Germany). The RNA integrity was verified by 
electrophoresis in gel 1% agarose and the concentration was measured by NanoDropTM 8000 
(Thermo Scientific, San Diego, CA, USA). The cDNA was synthetized in a 20 μL total volume, 
using 1µg of total RNA, 160U of GoScript Reverse Transcriptase (Promega, Madison, WI, USA), 
0.5 μg of oligodT15 primer, 4 µL of 5x Reaction Buffer, 5 mM of MgCl2, 0.5 mM of each dNTP 
and 20U of RNAse Inhibitor (GoScript Reverse Transcription System, Promega). 
The real time quantitative PCR (RT-qPCR) reactions were prepared for a final 
volume of 25 µL with 10 µL of GoTaq qPCR Master Mix (Promega), 120 or 150 nM of each 
gene-specific primer pair (Supplementary table 1) and 3 µL of 1:20 diluted cDNA synthetized 
from 1 µg of total plant RNA. Amplifications were performed in a 7500 Fast Real-Time PCR 
System (Thermo Scientific) device, using the standard thermal profile: 95°C for 20 s followed 
by 40 cycles of 95°C for 3 s and 60°C for 30 s. Each sample was analyzed in triplicate.  
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The primer efficiency and quantification cycle values were determined for 
individual RT-qPCR using the algorithm of the Real-time PCR Miner (Zhao and Fernald, 2005). 
The relative mRNA level was calculated using the 2-∆∆CT method. A normalization factor (NF) 
for each sample was calculated by the geometric mean of the RQ-values of the two reference 
genes: UBIQ and CYC for C. sinensis Pineapple variety (Caserta et al., 2014 and 2017) and ACT2 
and PDF2 for A. thaliana Col-0 ecotype (Czechowski et al., 2005) (Supplementary table 1). 
Normalized-relative quantity (NRQ) of each sample was calculated as the ratio of the sample 
RQ and the appropriate NF. Individual fold change values were determined by dividing the 
sample NRQ by the mean NRQ of samples of the calibrator. This procedure renders a mean 
fold change value of 1 for the set of mock plants. 
For statistical analysis, Student’s t-test or one-way ANOVA followed by Tukey's test 
(P < 0.05) were used to compare the mean expression levels of the treatments. 
 
3.2.3.2. In silico sequence analysis 
 
The CrRAP2.2 gene sequence was originally identified from an EST of Ponkan 
mandarin (Citrus reticulata Blanco) inoculated with X. fastidiosa (De Souza et al., 2007) and it 
is identical to the sequence Ciclev10025816m.g from C. clementina genome v1.0 available at 
https://www.citrusgenomedb.org/. CrRAP2.2 gene sequence was aligned with the A. thaliana 
genome available at TAIR database (https://www.arabidopsis.org/) using BLASTP (Altschul et 
al., 1990) to search for putative orthologous sequences. The 3D models for the APETALA2 
domains were obtained using the SWISS-MODEL software (Biasini et al., 2014), which did the 
target–template alignment search against the SWISS-MODEL template library. The AtERF1 
crystal structure (library 1gccA; Allen et al., 1998) was used as a template to obtain the 3D 
models. The alignments between AtERF1/AtRAP2.2 and AtERF1/CsRAP2.2 were obtained 
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3.2.3.3. CrRAP2.2 transcriptional activity assay 
 
CrRAP2.2 was amplified from the A596p9ioGusi-FMV::CrRAP2.2 vector (used to 
transform sweet orange)  using primers with attB adaptors (Supplementary table 1) and Pfu 
High Fidelity DNA Polymerase Enzyme (Promega). It was purified in 1% agarose gel using the 
Wizard SV Gel and PCR Clean-Up System kit (Promega), quantified using Qubit 3.0 Fluorometer 
(Thermo Scientific, San Diego, CA, USA) and cloned into the Entry Vector using BP Clonase II 
Enzyme Mix Kit (Thermo Scientific). This Entry Vector has a 35S-CrRAP2.2 cassette that was 
transferred to the pGILDA vector (Clontech, Mountain View, CA, USA) using the LR Clonase II 
Enzyme Mix Kit (Thermo Scientific), resulting in a activation domain (AD) fusion construct, 
AD::CrRAP2.2. This construct was transformed into Saccharomices cerevisae strain EGY48 
(p8op-lacZ) using the frozen-EZ yeast transformation II kit (Zymo Research, Irvine, CA, USA) to 
test whether this construct could activate the lacZ promoter. The LexA::CrRAP2.2-expressing 
yeast strain was selected on SD-galactose inducing medium (BD Biosciences, San Jose, CA, 
USA) containing 80 µg/ml X-Gal, BU salts and --Ura/--His drop out supplement (BD Biosciences, 
San Jose, CA, USA). Additionally, yeast strains were transformed with three truncated 
LexA::CrRAP2.2 constructs (CrRAP2.2Δ153-389, CrRAP2.2Δ230-389, CrRAP2.2Δ1-230) cloned 
the same way as the CrRAP2.2 whole protein, to verify whether transcriptional activation 
signatures in the AtRAP2.2  (Welsch et al. 2007) corresponded to similar locations in the 
CrRAP2.2 protein sequence.  
 
3.2.3.4. CrRAP2.2 subcellular localization assay 
 
CrRAP2.2 was amplified from the A596p9ioGusi-FMV::CrRAP2.2 vector (used to 
transform sweet orange) using primers with attB adaptors (Supplementary table 1) and Pfu 
high fidelity DNA polymerase enzyme (Promega). Using the same procedures of the Gateway 
system (Hartley et al., 2000) used before, the CrRAP2.2 was cloned into the destination vector 
pB7WGF2 under the control of the Cauliflower mosaic virus (CaMV) 35S promoter (Karimi et 
al., 2002) to make the construct p35S-GFP::CrRAP2.2. This construct was transformed into the 
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Agrobacterium tumefaciens strain C58C1 by the freeze–thaw method following procedure as 
described by Chen et al. (1994). 
Subcellular localization of the GFP::CrRAP2.2 protein was determined by using a 
transient expression system as described by Walter et al. (2004). Agrobacterium strains 
carrying the constructs p35S-GFP::CrRAP2.2 and p35S-GFP (pB7WGF2 empty vector) were 
infiltrated into leaves of four-week old Nicotiana benthamiana plants. Initially the N. 
benthamiana plants were grown in greenhouse and then maintained in a growth chamber at 
25°C, 60 ± 5% relative humidity, and 12-h photoperiod with light intensity of 100 μmol m-2 s-1 
for the duration of the experiment. The leaves were marked around the infiltration site and 
three to five days later, leaves were mounted onto microscope slides with 50% glycerol. 
Infiltration sites were visualized under a fluorescence microscope Nikon Eclipse Ni (Nikon®) 
using specific filters for GFP (excitation/emission: 480/510 nm). The assay was repeated three 
times independently.  
 
3.2.3.5. Genetic transformation of Arabidopsis and inoculation with 
X. fastidiosa  
 
The same constructs made for subcellular localization were also used for A. 
thaliana transformation. Col-0 and rap2.2 plants were transformed with Agrobacterium 
tumefaciens strain C58C1 carrying p35S-GFP::CrRAP2.2 or p35S-GFP (pB7WGF2 empty vector) 
employing the floral dip method (Clough and Bent, 1998). Transgenic lines were selected with 
BASTA (0.0114% glufosinate ammonium; BayerVR , Leverkusen, Germany) supplemented with 
0.005% of Silwet L-77 (Lehle Seeds, Round Rock, TX, USA). 
Seeds of Arabidopsis thaliana (L. Heyhn.) wild‐type Columbia [Col‐0, Arabidopsis 
Biological Resource Center (ABRC) stock CS60000], the rap2.2 mutant (ABRC stock 
SALK_010265C) with knockdown expression results already confirmed by Zhao et al., (2012), 
Col-0/CrRAP2.2 lines 1 and 5, rap2.2/CrRAP2.2 lines 1 and 3, were sown on pots containing 
Multiplant® substrate (Terra do Paraíso, Holambra, SP) with vermiculite in a 5:2 (v:v) 
proportion. Plants were grown in a Conviron® growth chamber, at 22oC, 60±5% relative 
humidity, and 12-h photoperiod with light intensity of 100 μmol.m-2.s-1.  
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Plant inoculation was performed according to the procedure described by Pereira 
et al. (2019). Briefly, four-week old plants were used for inoculation with X. fastidiosa subsp. 
pauca strain 9a5c cultured at 28°C for 5 days on PW solid media (Davis et al., 1981) and 
suspended in phosphate-buffered saline (PBS) buffer to reach an OD600nm of 0.7 
(approximately 1 x 109 CFU/mL). Plants were not irrigated one day before and one day after 
the inoculation to optimize the inoculation efficiency. Four young, fully expanded rosette 
leaves were inoculated by dropping 5 µL of the inoculum on the midrib at the petiole-leaf 
junction. The petiole tissue under the drop was pricked seven to eight times using an insulin 
needle 13 mm x 0.38 mm (Becton Dickinson®, Franklin Lakes, NJ). Water-inoculated plants 
were used as a mock control. Influence of the vector expression (pB7WGF2) on the pathogen 
response was evaluated in the Supplementary figure S3.  Plants were kept well-watered during 
the experimental time. The experiment was performed three times independently. 
 
3.2.3.6. Evaluation of X. fastidiosa colonization of A. thaliana 
 
Arabidopsis rosettes were harvested at 1, 2, and 3 weeks after inoculation with X. 
fastidiosa subsp pauca as described above and weighed to estimate the bacterial population 
by gram of tissue. qPCR reactions to detect the pathogen were setup in a total volume of 25 
µL containing 12.5 µL of TaqMan Universal PCR Master Mix, 525 nM of the primers CVC-1 (5’-
AGA TGA AAA CAA TCA TGC AAA-3’) and CCSM-1 (5’-GCG CAT GCC AAG TCC ATA TTT-3’), 500 
nM TAQCVC probe (5’-(6FAM)AAC CGC AGC AGA AGC CGC TCA TC (TAMRA)p-3’) (Oliveira et 
al., 2002) and 200ng of DNA template. A negative (DNA from mock-inoculated plants) and a 
positive control (bacteria genomic DNA) were included in all experiments. The amplification 
parameters were used according to Oliveira et al., 2002 (50°C for 2 min, 95° for 10 min, 
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C) and capture of the fluorescent signal 
was obtained in an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Foster 
City, CA). All samples were processed in duplicates (technical replicates) and the experiment 
was repeated at least twice (biological replicates). A standard curve for X. fastidiosa 
quantification was prepared as Pereira et al., 2019. Two independent experiments were 
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performed and statistical significance among the means was calculated using ANOVA followed 
by Tukey test (P < 0.05).   
 
3.2.3.7. Anthocyanin quantification assay 
 
Arabidopsis plants were inoculated as described above and the floral stems were 
regularly cut at the base until the time for anthocyanin quantification. The amount of 
anthocyanin accumulated in inoculated leaves was determined according to Neff and Chory 
(1998) with modifications adapted by Pereira et al. (2019). Statistical significance among the 
means (n=15 in three biological replicates) was calculated with ANOVA and Tukey test (P < 
0.05).  
 
3.2.3.8. Citrus transformation 
 
The CrRAP2.2 sequence identified on the Ponkan mandarin EST (identical to 
Ciclev10025816m.g) was chemically synthetized by the DNA Cloning Service company 
(www.dna-cloning.com/) in a cassette containing the Figwort Mosaic Virus (FMV) promoter. 
The company inserted this cassette into the p9i-UbiAtm-oGusi vector to create the final 
construct A596p9ioGusi-FMV::CrRAP2.2. The p9i-UbiAtm-oGusi vector has an optimized 
codon usage for plants and intron sequences inside the GUS reporter gene and kanamycin as 
a plant selection marker. The A596p9ioGusi-FMV::CrRAP2.2 vector was used to transform 
shoots of C. sinensis using an Agrobacterium-based method (Supplementary Figure S1).  
Seeds of sweet orange (C. sinensis L. Osb.) Pineapple variety were germinated in 
half-strength MS basal medium (Murashige and Skoog, 1962) and transformed as previously 
detailed (Caserta et al. 2014). To confirm a transformation event, a small piece of each 
transgenic shoot was excised and incubated in 50 µL of phosphate buffer containing 5-bromo-
4- chloro-3-indolyl-β-D-glucuronide for 16 h at 37°C to test GUS activity. In addition, genome 
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integration of the transgene was evaluated by PCR using CrRAP2.2 specific primers (Table 1). 
Ten buds from each confirmed transformed shoots were used for grafting onto Rangpur lime 
and maintained in a mist chamber inside a greenhouse for acclimatization to enable 
subsequent studies. GUS assays were performed on the leaves of propagated plants to identify 
the presence of chimeras. Only GUS positive leaves from non-chimeric plants were used in the 
experiments.  CrRAP2.2 expression was evaluated in confirmed transgenic plants as described 
above. Buds of each selected plant were multiplied into ten clones grafted onto Rangpur lime. 
GUS assays were performed using different parts of these new plants to detect any possible 
chimeras; only positive plants were used in screenings for X. fastidiosa resistance.   
 
3.2.3.9. Symptom analysis of transgenic citrus plants 
 
Ten clones from three transgenic lines designated T142, T268 and T172 as well as 
ten clones from the wild type plant were used in pathogenesis assays. The presence of the 
bacterium was assessed by qPCR as described above. Plants that were positive were assessed 
for the severity of symptoms caused by X. fastidiosa, in which severity was scored by three 
evaluators using a previously described diagrammatic scale (Amorim et al. 1993; Muranaka et 














3.2.4.1. Expression of CrRAP2.2 is associated with X. fastidiosa 
defense response and its predicted protein is similar to the 
AtRAP2.2 transcription factor of Arabidopsis 
 
We have previously verified that a gene encoding APETALA2/ETHYLENE 
RESPONSIVE FACTOR (AP2/ERF) transcription factor was upregulated in C. reticulata 
inoculated with X. fastidiosa (Rodrigues et al., 2013), suggesting a role in plant defense 
response. Here we used another biological assay including the susceptible species C. sinensis.  
Although not statistically significant, the expression of RAP2.2 is slightly induced one day after 
inoculation (DAI) with X. fastidiosa in the resistant C. reticulata and a significant increase at 
seven DAI. On the other hand, repression of RAP2.2 was observed in the susceptible C. sinensis 
at the same time points (Fig. 1).  
 
Figure 1. Expression analysis of the citrus RAP2.2 in C. reticulata and C. sinensis after X. 
fastidiosa inoculation. Relative gene expression in each specie relative to the respective non-
inoculated plants (mock adjusted to 1). Results are shown as the mean of triplicates. Asterisks 
indicate statistical significance using Student’s t-test (P < 0.05); DAI = days after inoculation.  
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Alignment of the predicted RAP2.2 protein from C. reticulata (CrRAP2.2) and the 
RAP2.2 protein from Arabidopsis (AtRAP2.2) using BLASTP revealed a high similarity, with 46% 
amino acid identity over the whole sequences (Fig. 2A). Both proteins show highly conserved 
domains, particularly the APETALA2 domain and Nuclear Localization Site (NLS) domain (Fig. 
2A), which are also present in RAP2.2 (SUB1) from Oryza sativa (Hinz et al., 2010).  
To structurally compare the APETALA2 domain of both proteins with three-
dimensional (3D) protein structures we looked for the highest match in the PDB database, 
which revealed to be the GCC-box binding domain (GBD) of A. thaliana Ethylene Responsive 
Element Binding Factor 1 (AtERF1) (Allen et al., 1998). They both shared a high sequence 
identity (72.41%) with this structure, including all the residues responsible for DNA binding in 
the β-sheets (Fig. 2B).  
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Figure 2. CrRAP2.2 is highly similar to the AtRAP2.2. A. Protein sequence alignment of 
CrRAP2.2 and AtRAP2.2 shows some conserved regions including the N-terminal MCGG motif 
(1), a conserved region of unknown function (2), a Nuclear Localization Signal (NLS) domain 
and APETALA2 (AP2) domain. CrRAP2.2 and AtRAP2.2 share 100% of identity in region 1, 
76.19% of identity in region 2, 76.92% of identity in NLS domain and 88.33% of identity in AP2 
domain. B. Three-dimensional (3D) protein structure of AtRAP2.2 and CrRAP2.2 showing that 
both share the same amino acids required to DNA binding in the GCC-box binding domain.  
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3.2.4.2. CrRAP2.2 is a transcription factor  
Aiming to confirm that CrRAP2.2 is a transcription factor similar to AtRAP2.2, we 
evaluated its transcriptional activity using a yeast system. We observed that the full length 
AD::CrRAP2.2 protein binds to and activates the lacZ promoter in the Saccharomices cerevisae 
strain EGY48 (p8op-lacZ), which is indicated by the blue color of the colony 3 (Fig. 3A). 
Furthermore, we evaluated the three truncated versions of AD::CrRAP2.2 lacking amino acids 
(CrRAP2.2Δ1-230, CrRAP2.2Δ230-388, CrRAP2.2Δ153-388) that corresponds to colonies 4, 5 
and 6, respectively (Fig. 3A). If CrRAP2.2 is in fact a transcription factor, one would expect that 
this protein localizes to the cell nucleus. Thus, we analyzed its subcellular localization using a 
35S promoter-driven GFP::CrRAP2.2 construction transiently expressed in N. benthamiana 
leaves. This analysis revealed that the GFP::CrRAP2.2 protein is exclusively localized in the 
nucleus of epidermal cells (Figure 3B). 
 
 
Figure 3. Transcriptional activity assay and subcellular localization of the CrRAP2.2 protein. 
A. Transcriptional activity assay of the CrRAP2.2 protein in a yeast system. Diagram in the 
middle represents the size domains of CrRAP2.2 expressed in each construct. Each colony 
number corresponds to a different construct expressed in S. cerevisae strain EGY48 (p8op-
lacZ). The negative control is the yeast strain EGY48 (p8op-lacZ) and the positive control is the 
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yeast strain EGY48 (p8op-lacZ) containing vector pLexApos. B. Subcellular localization of 
CrRAP2.2 in N. benthamiana cells. The pB7WGF2 empty vector was used to show the GFP 
localization alone. 
 
3.2.4.3. AtRAP2.2 contributes in X. fastidiosa resistance and ectopic 
expression of CrRAP2.2 complements rap2.2  
As AtRAP2.2 has been implicated in plant immune response (Zhao et al., 2012) and 
CrRAP2.2 seems to be a functional ortholog of AtRAP2.2 (Fig. 3), we performed of a genetic 
complementation assay by expressing the CrRAP2.2 protein in the Arabidopsis rap2.2 mutant 
(Zhao et al, 2012). Interestingly, we observed that rap2.2 plants support a significantly higher 
X. fastidiosa titer (50 fold difference) than that of the wild type Col-0 plants (Fig. 4). However, 
this difference is not sustained after 2 weeks post-inoculation, suggesting that other genetic 
mechanism(s) could take place in later stages of infection, increasing X. fastidiosa resistance. 
Nonetheless, this observation created an opportunity to test whether the early susceptibility 
of rap2.2 could be rescued by CrRAP2.2, in addition to test whether CrRAP2.2 could enhance 
the resistance response in A. thaliana Col-0 in the later stages (2-3 weeks) of X. fastidiosa 
infection. To test these hypotheses, we first created two transgenic independent lines of rap2-
2 and Col-0 expressing p35S-CrRAP2.2, rap2-2/CrRAP2.2 and Col-0/CrRAP2.2, respectively 
(Fig. S2).  
We found that expression of CrRAP2.2 in the rap2.2 background restored the X. 
fastidiosa colonization phenotype as the bacteria population observed one week after 
inoculation was similar to that of observed in the Col-0 at the same time point (Fig. 4). These 
findings suggest that the native AtRAP2.2 is involved in the resistance to X. fastidiosa in early 
stage of infection and CrRAP2.2 functions similarly to the Arabidopsis AtRAP2.2 suggesting 
that these proteins are functional orthologues. Furthermore, expression of CrRAP2.2 in both 
rap2.2 and Col-0 backgrounds significantly increased the resistance of these plants towards X. 
fastidiosa suggesting that CrRAP2.2 is a positive regulator of plant immunity against this 
bacterium. In addition, the expression of CrRAP2.2 in Col-0, which carries the endogenous 
AtRAP2.2, does not lead to increased resistance as compared to rap2.2 plants (Fig. 4), 
indicating no synergism between the RAP2.2 protein from Arabidopsis and Citrus. In fact, the 
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enhanced resistance in the Col-0/CrRAP2.2 plants as compared to Col-0 plants indicates that 
CrRAP2.2 alone can be a strong positive regulator of immunity if expressed constitutively.  
 
Figure 4. Influence of RAP2.2 on X. fastidiosa colonization in A. thaliana in time course. Col-
0 represents the wild type, rap2.2 represents the mutant line, rap2.2/CrRAP2.2 lines 1 and 3 
represent the complemented genotypes, and Col-0/CrRAP2.2 lines 1 and 5 represent the 
overexpressing genotypes. Results are shown as the mean of six replicates. Bars indicate 
standard errors. Different letters on top of the bars indicate significant statistical difference 
among the means calculated with one-way ANOVA followed by Tukey test (P < 0.05). FW refers 
to Fresh Weight.  
 
Previously, we have shown that CrRAP2.2 is induced at the early stages, whereas 
SA-signaling associated genes are induced at a later stage of a resistant reaction between X. 
fastidiosa and C. reticulata (Rodrigues et al., 2013). Thus, to investigate whether if SA (Salicylic 
acid) could also play a role in A. thaliana defense response against X. fastidiosa at later stages 
of infection, we analyze the expression of AtICS1 and AtPR1 genes that indicate the activation 
of SA-dependent defense responses (Yang et al., 2016; Papadopoulou et al., 2018).  Indeed a 
significant induction of both genes was observed for all lines at 3 weeks after inoculation 
(Figure 5), indicating that, in A. thaliana, the mechanism of defense response also involves SA.  
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Figure 5. Relative expression of SA marker genes, determined by quantitative RT-PCR, in 
response of X. fastidiosa infection. AtICS1 and AtPR1 expression levels were standardized to 
genes AtPDF2 and AtACT2 and the value in the wild type Col-0 was set to 1.0. Different letters 
indicate significant difference in the mean gene expression compared to wild type using the 
Tukey–Kramer HSD test (P < 0.05). Bars represent average expression level ± standard error 
of six technical replicates. This experiment was repeated twice with similar results. 
 
We have recently demonstrated that anthocyanin accumulation is a useful 
phenotypic marker for X. fastidiosa colonization in Arabidopsis (Pereira et al., 2019). Indeed, 
in agreement with the high colonization observed in rap2.2 at the early stage of infection (Fig 
4), a significant anthocyanin accumulation was observed in the rap2.2 mutant as compared 
with the wild type plant infected with X. fastidiosa (Fig. 6). Furthermore, complementation of 
rap2.2 mutant the CrRAP2.2 recused the Col-0 wild type phenotype and significantly low 
anthocyanin accumulation was observed in the Col-0 overexpressing CrRAP2.2 (Fig. 6).  These 
results reinforce the association of high anthocyanin accumulation with increased X. fastidiosa 
colonization in A. thaliana and suggest that AtRAP2.2 is involved in this process.  
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Figure 6. Anthocyanin accumulation in A. thaliana at 3 weeks after X. fastidiosa inoculation. 
Col-0 represents the wild type, rap2.2 represents the mutant line, rap2.2/CrRAP2.2 represents 
the complemented line and Col-0/CrRAP2.2 represents the overexpressing line. Results are 
shown as the mean of 20 leaves. Bars represent standard errors.  Different letters indicate 
statistical significance using one way ANOVA followed by Tukey test (P < 0.05). Photographs 
on the right show representative leaves at 3 weeks after inoculation. Xfp= Xylella fastidiosa 
subsp. pauca. 
 
3.2.4.4. Transgenic sweet orange plants overexpressing CrRAP2.2 
increases resistance to CVC   
To study the potential role of CrRAP2.2 in conferring resistance to CVC, the 
A596p9ioGusi-FMV::CrRAP2.2 construction was used for transforming sweet orange (Citrus 
sinensis L. Osbeck) Pineapple variety. We obtained six transgenic lines with variable expression 
levels of the transgene. Quantitative RT-PCR analysis indicated that the transgenic line T142 
has the highest expression, 64 times higher than wild type plants (Fig. 7A). The transgene 
expression level in the other lines were 2-4 times higher than the wild type (Fig 7A). Based on 
this result, we selected three lines with different transgene expression level to assess CVC 
symptom severity. 
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4.  
Figure 7. Gene expression and symptom analysis of transgenic C. sinensis lines 
overexpressing CrRAP2.2. A. Relative expression of CrRAP2.2 in C. sinensis transgenic lines. 
Gene expression level was normalized to the expression of the CsCYC and CsUBIQ genes used 
as endogenous controls. Results are shown as the mean of 6 replicates. Bars represent 
standard errors.  Different letters on top of the bars indicate significant statistical difference 
among the means, which was calculated with one-way ANOVA followed by Tukey test (P < 
0.05). B. Severity of CVC leaf symptoms in transgenic Pineapple sweet orange and wild type 
plants 18 months after X. fastidiosa inoculation. Score of disease severity range from 0 to 6, 
where 0 represents no symptoms and 6 represents severe CVC symptoms with chlorosis and 
necrosis in abaxial and adaxial leaves. Results are shown as the mean of 4 to 6 leaves. Bars 
represent standard errors. Different letters on top of the bars indicate significant statistical 
difference among the means calculated with one-way ANOVA followed by Tukey test (P < 
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0.05). C. Representative leaves from wild type and transgenic lines 18 months after 
inoculation. 
 
The first CVC symptoms were observed around nine months after inoculation in 
the wild type plant and the T168 transgenic line that has the lowest CrRAP2.2 expression level 
(only 1.5 fold higher than the wild type level) among the transgenic lines. After twelve months, 
symptoms started to appear in the T172 line that has approximately 3-fold higher CrRAP2.2 
expression. Line T142 was symptom free until the end of the experimentation period (18 
months after inoculation), when the wild type and T168 plants had severe CVC symptoms (Fig. 
7B and 7C). Clearly there is a good correlation between CrRAP2.2 expression and CVC, where 
the higher the expression of CrRAP2.2 (Fig 7A) in the transgenic lines, the lower symptom 




Different genes have been identified as associated with X. fastidiosa resistance 
(Rodrigues et al., 2013; Giampetruzzi et al., 2016; Rapicavoli et al., 2018; Zaini et al., 2018), 
among them a putative transcriptional factor of the AP2/ERF family in C. reticulata, a citrus 
species resistant to this bacterium (Rodrigues et al., 2013). Bioinformatics and experimental 
analysis showed in this work indicate that the citrus gene CrRAP2.2 is an Arabidopsis RAP2.2 
orthologue. AtRAP2.2 is an ERF transcription factor, that among many different functions, it is 
involved in resistance to necrotrofic pathogen (Zhao et al., 2012). In previous works it has been 
hypothesized that X. fastidiosa can initially be recognized as a necrotrophic-like pathogen in 
resistant host (Rodrigues et al., 2013; Zaini et al., 2018), we thus speculated that both genes, 
from C. reticulata and A. thaliana, could have conserved functions. Since it was recently 
demonstrated that A. thaliana is a good host for studying X. fastidiosa plant interaction 
(Pereira et al., 2018), we used the A. thaliana rap2.2 mutant line SALK 010265 (Zhao et al. 
2012) to analyze the role of this gene in X. fastidiosa genetic defense response.  
The results showed that higher number of bacterial cells was observed in A. 
thaliana rap2.2 mutant one week after inoculation, which was complemented with CrRAP2.2. 
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This finding reinforces the hypothesis that X. fastidiosa is initially recognized as a necrotrophic-
like pathogen at the beginning of the infection and RAP2.2 plays a role in this resistance 
genetic mechanism. Molecules like Damage-Associated Molecular Patterns (DAMPs) released 
by plant cell wall degradation might be recognized by the host during X. fastidiosa 
colonization. DAMPs are commonly recognized by plant host after necrotrophic infection and 
trigger DAMP-triggered immunity, which is generally mediated by the ethylene and jasmonic 
acid pathways (Glazebrook, 2005; Choi & Klessig, 2016). Similarities between X. fastidiosa and 
the necrotrophic pathogen B. cinerea were also demonstrated in grapevines (Agüero et al., 
2005). Transgenic plants overexpressing polygalacturonase-inhibiting proteins that 
specifically inhibit fungal endo-polygalacturonases showed improved resistance to both B. 
cinerea and X. fastidiosa.  
On the other hand, at 2 and 3 weeks, which correspond to later stages of infection 
in A. thaliana (Pereira et al., 2018), genetic mechanisms mediated by SA may occur, which 
explains the similar bacterial population observed in the mutant and the wild type at these 
time points. This change in plant response could be associated to different bacterial lifestyles, 
like biofilm and planktonic phases (Rodrigues et al., 2013; Zaini et al., 2018), in which different 
molecules can be produced, recognized by the host and trigger plant immunity responses. 
Besides, it reinforces the idea that X. fastidiosa can be considered a hemibiotrophic pathogen, 
as already pointed out by Rapicavoli et al. (2018). 
Curiously an increase in plant resistance was observed in presence of CrRAP2.2 in 
both rap2.2/CrRAP2.2 and Col-0/CrRAP2.2, verified by the lower bacterial population 
observed at 2 and 3 weeks after inoculation (Fig 6). These results suggest that CrRAP2.2 
promoted a synergistic effect in plant defense response. Indeed an increase in PR1 expression 
was observed at 2 weeks after inoculation only in the lines expressing CrRAP2.2  (P < 0.05) 
(Fig7) that reinforces the hypothesis of an additive effect of CrRAP2.2 in plant immune 
response.  
Accumulation of anthocyanin is a phenotype associated with X. fastidiosa infection 
(Pereira et al., 2018), which was clearly observed at 3 weeks after inoculation on A. thaliana 
Col-0, rap2.2 mutant and rap2.2/CrRAP2.2 but not on Col-0/CrRAP2.2. However a significantly 
higher accumulation of anthocyanin was observed in the mutant. Therefore we can assume 
that anthocyanin accumulation in A. thaliana correlates with susceptibility to X. fastidiosa 
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infection. It has been shown that plant immune responses repress anthocyanin biosynthesis 
to activate plant defenses against bacterial or fungi pathogens (Mclusky et al. 1999; Schenke 
et al. 2011; Serrano et al. 2012).  
Understanding the role of CrRAP2.2 in a study with a model plant led us to 
transform C. sinensis that is highly susceptible to X. fastidiosa. Transgenic lines with different 
expression levels of CrRAP2.2 allowed us to verify a negative correlation with CVC severity, 
where the higher was the gene expression, the lower was the disease symptoms (Figures 8 
and 9). To our knowledge, this is the first time a gene from C. reticulata was used to transform 
C. sinensis aiming X. fastidiosa resistance. These two species can naturally cross and are usually 
used in breeding programs but in this case, other traits are carried, altering the fruit quality 
and other characteristics, which is not changed in these transgenic plants. 
This is the first time that a gene identified as involved in X. fastidiosa defense 
response is functionally characterized using A. thaliana as a model plant. RAP2.2 has 
orthologue functions in A. thaliana and C. reticulata and proved to be interesting for 
developing transgenic varieties of C. sinensis resistant to CVC. Besides, as this gene also confer 
resistance to B. cinerea in A. thaliana, it is possible that a broad-spectrum resistance to 
different pathogens can be attained in Citrus. But this will be object to further studies. 
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3.2.8. Supplementary Material 
 
Supplementary table 1. Set of primers used in this study. 
Primer 
symbol 
Primer Forward Primer Reverse Primer reference 
AtICS1 GCAAGATCGCTGTTGAATGGG GCAGCCAACATTGAACTTCCA This study 
AtPR1 CTCGGAGCTACGCAGAACAA CCAGGCTAAGTTTTCCCCGT This study 
AtRAP2.2 TGGTTGATCTCACTGGTCTTGTA AGGGTTCTTCTCGGGAA This study 
CrRAP2.2 AGCTGACGGCGGAGTATCTC CAACGTCCACGTCACCATCA This study 
AtACT2 CGTACAACCGGTATTGTGCTGG CTCTCTCTGTAAGGATCTTCATG Czechowski et al. (2005) 
AtPDF2 CATGTTCCAAACTCTTACCTG GTTCTCCACAACCGCTTGGT Czechowski et al. (2005) 
CsUBIQ TTCGTCAGTTGACTAATCCT GTTGCTGTGTTGACTGTG Caserta et al., 2014 









































Figure S1. Vector optimized for plants and used for cloning CrRAP2.2 into sweet orange 
plants. Sm/Sp: Gene for streptomycin/spectinomycin selection in bacteria. 35S: Promoter 
sequence. Int: Intron sequence. NptII: Gene for kanamicine selection in plants. T-35S: 
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Terminator sequence. Ubi: Ubiquitin promoter. Ogus= Reporter gene GUS. Tnos: Terminator 
sequence. FMV: Figwort Mosaic Virus promoter sequence. OCS: Terminator sequence.  
 
Figure S2. RAP2.2 expression in A. thaliana lines.  RAP2.2 expression levels were standardized 
to genes AtPDF2 and AtACT2 and the value in the wild type Col-0 was set to 1.0. Asterisks 
indicate significant difference in the mean gene expression compared to wild type using the 
Student’s t-test (P < 0.05). Bars represent average expression level ± standard error of six 
technical replicates. This experiment was repeated twice with similar results. 
 
Figure S3. Influence of the vector expression in the pathogen response. Col-0 plants 
expressing the vector pB7WGF2 are shown as Col-0 GFP. Results are shown as the mean of six 
replicates. Bars indicate standard errors. Different letters on top of the bars indicate significant 
statistical difference among the means calculated with one-way ANOVA followed by Tukey 
test (P < 0.05). FW refers to Fresh Weight.  
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3.3. Capítulo III: Estudo funcional e aplicado do gene CrRPS5 na resistência 
contra Xylella fastidiosa 
 
3.3.1. Introdução  
 
Trabalhos prévios de expressão genica global em C. reticulata realizados pelo 
nosso grupo de pesquisa (De Souza et al., 2009; Gmitter et al., 2012) identificaram alguns 
genes de Citrus reticulata que poderiam estar associados à resistência a X. fastidiosa. Devido 
à similaridade desses genes com seus homólogos em A. thaliana, mutantes para os respectivos 
genes foram avaliados visando identificar quais poderiam ter funções conservadas em conferir 
resistência a X. fastidiosa. Análises de população bacteriana por PCR quantitativo em tempo 
real, demonstraram que no mutante rps5, um gene de resistência do tipo CC-NBS-LRR, 
apresentaram significativamente maior população de X. fastidiosa que o tipo selvagem. Dessa 
forma, foi levantada a hipótese que esse gene poderia reconhecer algum efetor de X. 
fastidiosa e ativar uma resposta de resistência, uma vez que, essa função foi previamente 
atribuída em A. thaliana no reconhecimento de uma molécula efetora de Pseudomonas 
siryngae (Warren et al., 1998). Assim esses genes poderiam ter conservação funcional, quanto 
ao reconhecimento do patógeno e ativação do mecanismo genético de defesa da planta. 
Nesse estudo objetivou-se analisar a função da proteína, sobretudo em comparação ao seu 
homólogo AtRPS5, além de estudar a aplicabilidade desse gene em gerar resistência à bactéria 
X. fastidiosa. 
Embora não haja descrição de efetores clássicos no genoma de X. fastidiosa 
(Simpson et al. 2000), há poucos anos foi descrita a existência de vesículas capazes de 
transportar moléculas importantes na patogenicidade da bactéria (Ionescu et al. 2014). No 
trabalho de Zhang et al. (2015) foi feita a comparação do genoma de estirpes de X. fastidiosa 
(que causam doença em videiras) virulenta e avirulenta, descobrindo que faltava no genoma 
avirulento algumas moléculas que são potenciais efetoras. A superexpressão de três dessas 
moléculas na estirpe avirulenta e posterior inoculação foi capaz de gerar plantas sintomáticas 
nos três casos. Em posterior análise de uma delas com função de lipase e esterase (LesA), se 
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descobriu que ela é secretada e contribui para a patogenicidade, atuando na geração de 
sintomas na planta e provavelmente sendo transportada por vesículas (Nascimento et al. 
2016). Dessa forma, há a possibilidade de alguma molécula efetora secretada na célula da 
planta seja reconhecida por proteínas de resistência da planta. 
No trabalho de Boller & Felix (2009), os autores discutem o conceito de resposta 
ETI (Effector Triggered Immunity) mais forte que PTI (Pamp Triggered Immunity) ressaltando 
que há muitas exceções para adotar essa divisão como regra geral. Efetores, DAMPs (Damage-
Associated Molecular Patterns) ou PAMPs poderiam ser reconhecidos pela planta apenas 
como sinais de perigo, haja vista que são muito similares as respostas de defesa da planta 
engatilhada por eles, diferindo apenas quanto à cinética e força de cada resposta. Em razão 
disso os autores preferem apenas a divisão do processo de reconhecimento do patógeno 
quanto ao local de detecção: externamente por meio de receptores PRR (Pattern Recognition 
Receptor) ou internamente por meio de proteínas de resistência NBS-LRR.  
Considerando que X. fastidiosa consegue degradar a parede celular vegetal (Roper 
et al., 2007) ocasionando a liberação de DAMPs no meio intracelular, podemos estipular que 
tais moléculas também poderiam ser reconhecidas por proteínas de resistência tais como 
RPS5.  O trabalho de Qi et al. (2011) também discute que a divisão entre PTI e ETI pode ser 
mais arbitrária do que real, haja vista que se descobriu a associação física entre receptores 
PRR (FLS2) e proteínas de resistência NBS-LRR (RPS5, RPS2 e RPM1), abrindo várias 
possibilidades de atuação conjunta decorrente da formação de complexos proteicos. Assim 
como ocorre a ligação entre FLS2 e RPS5 seria também possível que algum outro receptor PRR 
que reconheça PAMPs de X. fastidiosa formem um complexo proteico com RPS5, contribuindo 
para geração de respostas de defesa. No caso de RPS5, inclusive já foi constatado que flg22 
(PAMP que é reconhecido por FLS) é capaz de induzir a fosforilação de PBS1, proteína 
geralmente acoplada a RPS5 (Lu et al., 2010).  
Em trabalhos recentes (Kim et al., 2016; Sun et al., 2017; Carter et al., 2018) foi 
demonstrado que no mecanismo de resposta a patógenos ao qual participa AtRPS5, uma 
proteína auxiliar (AtPBS1) possui a função de reconhecimento específico por efetores do 
patógeno, sendo AtRPS5 responsável por engatilhar a sinalização de resposta. Dessa forma, 
uma modificação do domínio de clivagem/reconhecimento de AtPBS1 também modificaria a 
sensibilidade da resposta ao patógeno (Figura 1).  
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Adaptado de Ade et al., (2007). 
Figura 1. Modelo para ativação de RPS5. RPS5 sozinho é incapaz de ativar respostas de defesa 
por conta da ação negativa regulatória do domínio LRR. Em células normais a maioria das 
proteínas RPS5 está ligada a PBS1 e ADP (D), preparado para o ataque do patógeno. PBS1 é 
clivado através da ação cisteína protease do efetor AvrPphB que foi injetado por P. syringae. 
A clivagem de PBS1 é detectada por RPS5, resultando em uma mudança conformacional que 
permite a troca de ATP (T) por ADP. O complexo de RPS5 ligado ao ATP engatilha moléculas 
sinalizadoras downstream, ativando a resposta de defesa.  
 
Portanto sabendo do papel da proteína RPS5 em outros patossistemas, foi 
elaborado um modelo hipotético simplificado para descrever as hipóteses do papel dessa 
proteína na interação Xylella-planta envolvendo o mecanismo de reconhecimento e ativação 
de RPS5 (Figura 2).   
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Figura 2. Modelo hipotético do papel da proteína RPS5 em resposta à infecção por Xylella 
fastidiosa. 1. Sabendo que é possível a associação física de RPS5 com o receptor de membrana 
FLS2 (Qi et al., 2011), RPS5 poderia ser ativado através da formação de um complexo 
envolvendo um receptor de membrana capaz de reconhecer PAMPs de X. fastidiosa. 2. DAMPs 
originados da degradação da parede celular pela bactéria poderiam ser reconhecidos por 
RPS5. 3. Algumas efetores oriundos do patógeno poderiam estar sendo reconhecidos e então 
ativando RPS5. A partir daí RPS5 ativa uma cascata de sinalização através da fosforilação de 
MAPKinases, levando o sinal ao núcleo, onde ocorre ativação da expressão de genes e 
proteínas de resposta a estresses para controle da infecção. FT: Fator de transcrição. 
  
Devido a homologia entre a proteína RPS5 de C. reticulata com a de A. thaliana, 
esse trabalho visou usar A. thaliana como modelo para ampliar o entendimento dessa 
proteína de resistência no patossistema X. fastidiosa. A conformação tridimensional da 
proteína e sua localização subcelular são fatores investigados que influenciam bastante o 
desempenho da função proteica, sobretudo no caso da proteína AtRPS5, que pode ter ligação 
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3.3.2. Materiais e Métodos 
3.3.2.1. Análise in silico da estrutura proteica em 3D  
A sequência de aminoácidos do gene RPS5 oriundo de tangerina (CrRPS5) foi 
obtida a partir do banco de dados CiTEST (Reis et al., 2007) enquanto a sequência de 
aminoácidos do homólogo de AtRPS5 A. thaliana foi obtida da base de dados TAIR 
(https://www.arabidopsis.org/). Um alinhamento local das sequências foi realizado usando a 
ferramenta BLASTp disponível em: (https://blast.ncbi.nlm.nih.gov/Blast.cgi). As análises de 
conformação 3D foram realizadas perante a submissão das sequências de aminoácidos de 
CrRPS5 e AtRPS5 na base de dados do programa I-TASSER 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/). As análises dos melhores hits encontrados 
e comparação das estruturas 3D entre as proteínas de A. thaliana e C. reticulata foi realizada 
pelo software PYMOL (https://pymol.org/2/). 
 
3.3.2.2. Clonagem do gene RPS5 em vetor Gateway 
Para início do processo de clonagem foi realizada síntese dos primers para as 
regiões-alvo. Os primers continham sítios attB que nos permitem realizar os processos de 
subclonagem através da tecnologia Gateway®. Realizou-se amplificação do gene por PCR, 
corte da banda específica após corrida em gel de agarose 1% e purificação pelo kit Wizard® SV 
Gel and PCR Clean-Up System (Promega). Após isso, foi criado um vetor de entrada para a 
região-alvo, o que se deu através da introdução da região-alvo previamente amplificada 
dentro do vetor pENTRY. Para isso utilizou-se o kit BP Clonase II Enzime Mix (Invitrogen), 
enquanto que para transferência da região alvo para o vetor de destino foi utilizado o kit LR 
Clonase II Enzyme Mix (Invitrogen). Para transformação da estirpe DH5α de Escherichia coli 
com os vetores propostos foi realizada eletroporação em cubeta de 1mm (1.8kv) com 
equipamento Electroporator 2510 (Eppendorf®), enquanto que para a estirpe C58C1 de 
Agrobacterium tumefasciens a transformação foi feita pelo método de conjugação triparental. 
Para confirmação das transformações foram realizadas confirmações por PCR com primers 
específicos às regiões-alvo. 
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3.3.2.3. Localização subcelular em Nicotiana benthamiana 
A expressão transiente mediada pela estirpe C58C1 de A. tumefasciens foi 
realizada usando o vetor p35S-GFP::CrRAP2.2  para visualização da localização e o vetor 
pB7WGF2 como controle. O protocolo utilizado para infiltração da bactéria baseou-se em 
Walter et al., 2004. Sementes de Nicotiana benthamiana foram semeadas e cultivadas em 
casa de vegetação durante quatro semanas, quando foram infiltradas com uma solução 
contendo a bactéria e mantidas em câmara de crescimento a 25°C por uma semana. Folhas 
que foram infiltradas tiveram o local marcado para corte e visualização em lâminas preparadas 
com glicerol 50%, após 3 a 5 dias do procedimento. A visualização foi realizada utilizando 
microscópio de fluorescência Nikon Eclipse Ni (Nikon®) usando filtro específico para GFP 
(excitação/emissão: 480/510 nm). 
 
3.3.2.4. Cultivo de A. thaliana e inoculação de X. fastidiosa por agulha 
O cultivo de A. thaliana Col-0 e rps5, foi realizado em vasos de 343cm3, em 
condições normais (22⁰C, 60 ± 5% de umidade relativa e 12 h de fotoperíodo sob intensidade 
de luz de 100 μmol.m-2.s-1). O inóculo da estirpe Temecula expressando GFP 
constitutivamente (Xf-GFP) foi obtido através da ressuspensão da bactéria em água 
deionizada estéril após cultivo prévio em meio PD3 sólido. A padronização do inóculo foi 
realizada através da leitura de absorbância em espectrofotômetro a 600nm. Para inoculação 
foram inseridos 5ul do inóculo padronizado acima do ponto de junção entre pecíolo e nervura 
central foliar e em seguida foram realizadas perfurações neste local com auxílio de uma 
agulha, similar ao método descrito por Rogers, 2012. Para cada planta foram inoculados 4 
pecíolos, que foram perfurados cerca de 8 vezes usando uma agulha de seringa 13 mm x 0,38 
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3.3.2.5. Quantificação bacteriana por qPCR 
Foram coletadas rosetas das plantas aos 7, 14 e 21 dias após inoculação para 
pesagem e estimativa da população bacteriana por grama de tecido. O DNA das amostras foi 
extraído utilizando o método de Doyle & Doyle (1990). As reações para detecção de X. 
fastidiosa consistiram de um volume total de 25ul contendo 12,5ul de TaqMan Universal PCR 
Master Mix, 525 dos primers CVC-1 (5’-AGA TGA AAA CAA TCA TGC AAA-3’) e CCSM-1 (5’-GCG 
CAT GCC AAG TCC ATA TTT-3’), 500 nM TAQCVC probe (5’-(6FAM)AAC CGC AGC AGA AGC CGC 
TCA TC (TAMRA)p-3’) (Oliveira et al., 2002) e 200ng do DNA total. Um controle negativo (DNA 
de plantas inoculadas com água) e um controle positivo (DNA genômico da bactéria) foram 
incluídos em todas as corridas experimentais. Os parâmetros de amplificação estavam de 
acordo com Oliveira et al., 2002 (50°C por 2 min, 95°C por 10 min, 40 ciclos de 15s a 95°C e 1 
min a 60°C) e a captura do sinal foi feita em um ABI PRISM 7500 Sequence Detection System 
(Applied Biosystems). Todas as amostras foram processadas em duplicatas (replicatas 
técnicas) e o experimento foi repetido pelo menos duas vezes (replicatas biológicas) com 
resultados similares. 
Uma curva padrão para quantificação de X. fastidiosa foi preparada usando como 
referência o peso molecular de 1 genoma de X. fastidiosa, que é igual a 2.94 x 10-6 ng 
(Muranaka et al., 2013). Considerando que 1 genoma corresponde a 1 célula, é possível 
estimar o número de células de acordo com a quantidade de DNA bacteriano (exemplo: 294 
ng corresponde a 1 x 108 células). A curva padrão foi produzida usando concentrações 
conhecidas de DNA genômico de X. fastidiosa obtido de diluições seriais (dez vezes) de 1 × 
10−3 a 1 × 10-8 CFU/mL. Essas concentrações foram diluídas em DNA de Arabidopsis não 
inoculadas (100ng/µL), visando simular as condições naturais em que as células vegetais são 
infectadas. A fórmula da curva padrão utilizada para detecção foi [y = -4,8169x (nº de cópias 
do DNA) + 50,647] com R2 = 0.9944. Foram considerados positivos Cts (Cycle threshold) 
menores que 37. A análise estatística de dois experimentos independentes com resultados 
similares foi calculada usando ANOVA seguido de Teste Tukey (P < 0.05).   
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3.3.2.6. Microscopia Confocal 
Foram realizados cortes transversais nos pecíolos de A. thaliana infectada com Xf-
GFP (Newman et al., 2003), embebidos em água deionizada e cobertos por lamínula. Os cortes 
foram realizados logo após o ponto de inoculação e feitos sentido à planta, de forma a 
acompanhar a movimentação da bactéria, que foi constatada. Ensaios de expressão transiente 
em N. benthamiana também foram avaliados por microscopia confocal visando obter imagens 
de melhor resolução. O preparo das amostras de tabaco foi feito através da seleção e corte 
de áreas infiltradas do limbo foliar, excluindo nervuras foliares, sob lamínula. A visualização 
foi realizada utilizando microscópio confocal TCS SPE CLSM (Leica) equipado com objetiva de 
imersão em água e filtros específicos para GFP (excitação/emissão: 480/510 nm) e clorofila. A 
técnica de escaneamento sequencial foi conduzida para evitar erros de interpretação com 
canais fluorescentes sobrepostos. As fotos foram tiradas usando software LAS X (Leica) e 
analisadas em Adobe Photoshop CS6 (Adobe Systems). 
 
3.3.3. Resultados  
3.3.3.1. CrRPS5 tem estrutura 3D bastante similar a AtRPS5 
A análise in silico realizada pelo software I-TASSER não substitui a resolução da 
estrutura in vivo propriamente, porém é útil quando se leva em consideração sobretudo o 
grau de semelhança entre as estruturas 3D das proteínas. Com relação às proteínas AtRPS5 e 
CrRPS5 podemos verificar uma estrutura 3D mais complexa e, portanto, análises mais 
detalhadas também são necessárias (Figura 3). Podemos ver que dentre algumas diferenças 
discretas existentes nas estruturas, a mais proeminente é a que existe na posição 3D do 
domínio CC (Coiled Coil) das proteínas AtRPS5 e CrRPS5 (Figura 3C), domínio este que está 
relacionado à função de localização da proteína na célula, geralmente se associando à 
membrana plasmática. Algumas outras proteínas do tipo NBS possuem o domínio TIR em vez 
do CC, o que por sua vez faz com que sejam localizadas no citoplasma da célula. Uma 
subsequente análise visando encontrar a localização subcelular de CrRPS5 irá dizer se essa 
alteração de conformação 3D é suficiente para acarretar uma diferente localização na célula. 
Além disso, o sítio ativo de troca de ATP, que é essencial para a atuação de uma proteína do 
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tipo NBS, está muito bem conservado e sobrepõe-se em ambas as proteínas, sugerindo que 
essa função é mantida.      
 
Figura 3. Estrutura 3D das proteínas AtRPS5 e CrRPS5. A. Estrutura 3D da proteína AtRPS5 
apresentando o sítio ativo de troca de ATP em destaque. B. Estrutura 3D da proteína CrRPS5 
apresentando o sítio ativo de troca de ATP em destaque. C. Sobreposição das estruturas 3D. 
Setas indicam a posição do domínio CC em cada uma das proteínas. 
 
3.3.3.2. AtRPS5 e CrRPS5 possuem mesma localização subcelular 
Os ensaios de expressão transiente realizados utilizando as proteínas repórteres 
GFP ou YFP fusionadas às proteínas alvo apresentaram o mesmo perfil de localização, o que 
gera maior confiança acerca dos resultados encontrados (Figuras 4A e 4B). Pôde-se verificar 
que a proteína CrRPS5 foi localizada preferencialmente na membrana plasmática, de acordo 
com as setas indicadas na figura, o que também foi observado anteriormente para seu 
homólogo em A. thaliana (Welsch et al. 2007) e sugere que a modificação conformacional do 
domínio CC não alterou o perfil de localização.  
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Figura 4. Expressão transiente da proteína CrRPS5 em N. benthamiana. A. Microscopia de 
fluorescência da proteína fusionada a GFP. B. Microscopia de fluorescência da proteína 
fusionada a YFP. C. Microscopia confocal da proteína fusionada a GFP. Cloroplastos são 
apresentados em vermelho pelo filtro de confocal sobreposto. Setas indicam a localização da 
proteína na membrana plasmática. 
 
3.3.3.3. Mutante rps5 é mais suscetível à colonização por X. fastidiosa 
Considerando a conservação das estruturas 3D pertencentes à AtRPS5 e CrRPS5, 
foi realizado o desafio de plantas mutantes rps5 para averiguar se havia algum efeito na 
população bacteriana de X. fastidiosa. De acordo com os resultados obtidos, pode-se concluir 
que o gene AtRPS5 possui um papel na defesa de A. thaliana contra X. fastidiosa, já que a 
população bacteriana foi maior em plantas mutantes para o gene rps5, sugerindo que são 
plantas mais suscetíveis à bactéria quando comparadas a plantas do tipo selvagem (Figura 5). 
 
Figura 5. Quantificação de X. fastidiosa por qPCR em rosetas de A. thaliana aos 14 dias após 
inoculação. Resultados mostrados são a média das populações de 6 vasos de cada tratamento 
avaliados (n = 6 ± SE). Letras diferentes indicam significância estatística usando ANOVA 
unidimensional seguido de Teste de Tukey (P<0.05). FW = Fresh Weight.  
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3.3.3.4. Mutante rps5 possui maior colonização e migração de X. 
fastidiosa 
O mutante rps5 e plantas do tipo selvagem foram submetidos às mesmas 
condições experimentais de inoculação e avaliação. De acordo com os resultados de 
colonização, demonstrados na figura 6, foi possível observar que a bactéria foi capaz de 
colonizar uma área maior do xilema no mutante rps5, atingindo a base da planta após 12 dias, 
o que não ocorreu com as bactérias inoculadas em plantas do tipo selvagem. Esse resultado 
sugere que a capacidade de colonização e movimentação de X. fastidiosa em mutantes do 
gene rps5 foi maior. Além disso, é notável uma maior fluorescência da bactéria nos feixes do 
xilema, indicando maior quantidade de células nos cortes do mutante rps5. Dessa forma, 
podemos que dizer que X. fastidiosa é capaz de colonizar totalmente o pecíolo de A. thaliana 
em torno de 12 dias após inoculação, e que o mutante rps5 apresentou maior suscetibilidade 
à colonização e migração da bactéria quando comparado ao controle. 
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Figura 6. Microscopia confocal de cortes transversais sequenciais dos pecíolos de Col-0 e 
rps5 aos 12 dias após inoculação. Setas indicam os vasos do xilema colonizados pela bactéria, 
que apresenta expressão constitutiva de GFP e por isso se apresenta verde nas imagens. A 
ordem crescente dos números indica a posição do corte transversal, sentido nervura central 
até a ponta do pecíolo colada à roseta. 
 
Considerando que as plantas foram avaliadas ao longo do tempo, podemos 
comparar o padrão de colonização do mutante rps5 com o tipo selvagem, conforme figura 7. 
 
Figura 7. Microscopia confocal de cortes transversais de pecíolos inoculados com Xf-GFP. 
Imagens representativas da quantidade de células encontrada em cada genótipo ao longo do 
tempo. Setas indicam a presença de Xf-GFP no xilema. dai = dias após inoculação. 
 
Conforme visto anteriormente, as células de X. fastidiosa são capazes de colonizar 
toda a região do xilema presente nos pecíolos, seja o feixe central ou os periféricos. Além 
disso, no mutante rps5 é observada uma colonização maior, representada pela maior 
fluorescência, dos tecidos até 24 dias após inoculação (dai) quando comparado ao tipo 
selvagem inoculado.  
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3.3.3.5. Alinhamento de proteínas sugere papel fundamental de 
CrRPS5 na resposta à X. fastidiosa 
 
Uma vez que C. sinensis (laranja doce) é suscetível a X. fastidiosa e C. reticulata 
(tangerina) é resistente, pode-se especular que C. sinensis e C. reticulata tenham diferenças 
no reconhecimento e combate à X. fastidiosa devido a diferenças em suas proteínas com 
função de reconhecimento do efetor. Por esse motivo uma análise de homologia do gene 
RPS5, que foi expresso apenas em C. reticulata quando infectado com X. fastidiosa, foi feita 
entre laranja e tangerina. Para o alinhamento buscou-se sequências de C. sinensis no banco 
de dados do Joint Genome Institute (JGI) - USA, variedade Pineapple e no banco de dados do 
Huazhong Agricultural University (HZAU) - China, variedade Valência e em ambos os casos foi 
verificado que há diferenças entre as sequências de laranja e tangerina (Figura 8).  
 
Figura 8. Alinhamento das proteínas RPS5 de laranja e tangerina. A. Alinhamento entre a 
proteína RPS5 de tangerina (Cr=Citrus reticulata) e de laranja variedade Pineapple (Cs=Citrus 
sinensis) do banco de dados JGI (USA). B. Alinhamento entre a proteína RPS5 de tangerina e 
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de laranja variedade Valência do banco de dados HZAU (China). O percentual de identidade 
dos alinhamentos A e B foi de 73%. O percentual de identidade dentro dos domínios proteicos 
foi de 72%=CC, 67%=NBS e 76%=LRR para a sequência do cultivar Valência (HZUA) e 75%=CC, 
67%=NBS e 76%=LRR para a sequência do cultivar Pineapple (JGI). Sublinhado em vermelho, 
preto e amarelo estão os domínios CC, NBS e LRR preditos em CsRPS5, respectivamente. A 
predição dos domínios CC, NBS e LRR foi feita através dos softwares MARCOIL1, Pfam2 e 






Na figura 8, são mostradas as diferenças que foram encontradas em ambos os 
bancos de dados. Isso leva a crer então que as proteínas RPS5 de laranja, uma vez que não são 
idênticas às de tangerina (73% de identidade), podem ter diferenças estruturais suficientes no 
domínio CC para impedir sua acoplagem física a PBS1, comprometendo sua resposta de 
defesa. A predição dos domínios CC, NBS e LRR da proteína CsRPS5 das duas variedades revela 
que existem diferenças entre elas que também podem explicar níveis diferentes de 
suscetibilidade. 
Como a proteína PBS1 também forma uma ligação física com RPS5 para 
reconhecimento do efetor e ativação do sistema de defesa, foi feita uma busca das sequências 
PBS1 no genoma de C. sinensis e das tangerinas Citrus reticulata e Citrus clementina. Com os 
resultados do alinhamento, foi constatado que essas compartilham da mesma sequência em 
seus genomas, ou seja, com 100% de similaridade e identidade (Figura 9).  
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Figura 9. Alinhamento entre proteínas PBS1 de laranja e tangerina em comparação com 
PBS1 de Arabidopsis.  Os sítios prováveis de miristoilação e palmitoilação estão indicados 
pelas setas verde e preta, respectivamente. O segmento de ativação por AvrPphB e seu sítio 
de clivagem estão representados pela caixa preta e seta vermelha, respectivamente. O 
percentual de identidade do alinhamento de A. thaliana com as demais sequências foi de 84%. 
Utilizou-se a sequência AT5G13160.1 (AtPBS1) do banco de dados TAIR para representar A. 
thaliana, as sequências “orange1.1g012761m” (CsPBS1) do banco de dados JGI e 
“Cs7g02980.1” (CsPBS1) do banco de dados HZAU para representar laranja, enquanto as 
sequências “Ciclev10031492m” (CcPBS1) do JGI e “MSYJ161420.1” (CrPBS1) do HZAU para 
representar tangerina. At: Arabidopsis thaliana, Cs=Citrus sinensis, Cc=Citrus clementina, 
Cr=Citrus reticulata. Alinhamento feito pelo software Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). 
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O percentual de identidade dessas sequências de citros com a proteína PBS1 
original de A. thaliana foi de 84% (Figura 9), o que denota grande conservação entre elas, 
inclusive apresentando os mesmos sítios de miristoilação, palmitoilação (importantes para 
localização) e clivagem de AvrPphB originais de A. thaliana. Isso leva a crer que as proteínas 
PBS1 de citros desempenham funções semelhantes à de AtPBS1, talvez até reconhecendo o 
efetor de P. siryngae.  
Com esses resultados podemos sugerir que a diferença de reconhecimento seja 
devido às diferenças na proteína de resistência RPS5. Sendo assim, possivelmente se RPS5 for 
transferida de C. reticulata para C. sinensis a ativação de defesa será ativada, uma vez que, 
ambas as espécies apresentam a mesma proteína PBS1.  
 
3.3.4. Discussão 
De acordo com os resultados apresentados foi possível determinar que a proteína 
CrRPS5 é bastante similar à de A. thaliana, devido à sua conformação 3D e mesma localização 
subcelular, o que corrobora a hipótese de serem ortólogos funcionais. Uma análise por qPCR 
da quantidade de X. fastidiosa nos vasos do xilema mostrou que o mutante rps5 apresenta 
maior população que o tipo selvagem (Col-0). Além disso, o estudo com microscopia confocal 
da colonização de X. fastidiosa em mutantes rps5 de A. thaliana também revelou maior 
suscetibilidade de rps5 com relação à Col-0, apresentando maior migração e população nos 
vasos do xilema. Embora significativa, a quantificação de X. fastidiosa por qPCR em rosetas de 
Col-0 e rps5 foi realizada aos 14 dai. Nesse mesmo tempo, embora tenha sido observada 
diferença de colonização por microscopia confocal entre Col-0 e rps5, uma maior diferença 
entre as populações bacterianas foi observada entre 17 a 24 dai. Esses resultados mostram 
que AtRPS5 atua de alguma forma no processo de defesa da planta e consequentemente 
interferindo no processo de colonização da X. fastidiosa.  
Conforme dito anteriormente (Figura 2), há pelo menos três hipóteses para 
ativação de CrRPS5 por X. fastidiosa, porém nenhuma delas testada diretamente com CrRPS5. 
A hipótese número três representa o que já foi visto em experimentos envolvendo AtRPS5, 
enquanto as demais apenas se têm indícios de que possam ocorrer. De acordo com os 
resultados obtidos há uma tendência a se esperar que CrRPS5, por sua similaridade 
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encontrada com AtRPS5, também atue de maneira similar, ou seja, que atue após o 
reconhecimento de um efetor clivando PBS1. Apesar disso, até o momento não se conhece 
qualquer proteína com função comprovada de PBS1 em C. reticulata, tampouco a descrição 
de efetores em X. fastidiosa.  
Apesar do papel importante de PBS1 também já foi visto que apenas a 
superexpressão de proteínas do tipo NBS já é capaz de gerar respostas de defesa (Zhang et 
al., 2017; Xun et al., 2018), o que pode evidenciar outros mecanismos de reconhecimento ou 
ainda uma grande conservação de PBS1. Independentemente de como ocorre o 
reconhecimento, devemos saber se, uma vez ativada a sinalização por RPS5, essa sinalização 
tem algum papel no controle da infecção por X. fastidiosa.  
Existem casos como o de Carter et al., (2018) em que mudanças no domínio de 
reconhecimento de PBS1 diminuem a resposta da planta, mas não anulam completamente a 
resistência contra o patógeno. Da mesma forma, comprovando-se que RPS5 é capaz de 
combater a infecção mesmo que minimamente, estudos posteriores com adaptações em PBS1 
poderiam potencializar o reconhecimento e essa consequente resposta de defesa.  
Proteínas de resistência do tipo NBS-LRR podem não ter origem evolutiva similar 
e ainda assim atuarem similarmente, conforme fenômeno de convergência evolutiva descrito 
em cevada e Arabidopsis por Carter et al., 2018. Dessa forma, mesmo sequências que não 
compartilham alta identidade, como CrRPS5 e AtRPS5 (42%) podem estar atuando de maneira 
similar, conforme visto em dados de localização e estrutura 3D. Por outro lado, pequenas 
diferenças entre proteínas de espécies relacionadas como laranja e tangerina já podem ser 
indicativas de funções diferentes.  
Considerando os resultados obtidos com AtRPS5, é esperado que CrRPS5 também 
possua um papel na resistência à X. fastidiosa e, portanto, sua superexpressão poderia ser 
responsável por transferir essa resistência de tangerina para laranja doce. Dessa forma, 
futuras transformações visando superexpressão de CrRPS5 em laranja doce são uma 
alternativa promissora para o controle de X. fastidiosa.  
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4. CONSIDERAÇÕES FINAIS 
 
De acordo com os objetivos gerais propostos no trabalho, foi possível inferir 
algumas considerações acerca do uso de Arabidopsis com hospedeira alternativa para Xylella 
fastidiosa, assim como seu uso no entendimento do papel dos genes RAP2.2 e RPS5 na 
resposta de defesa a esse patógeno e transferência para plantas de Citrus sinensis.  
Com relação ao primeiro capítulo, podemos salientar o estudo e caracterização da 
infecção de X. fastidiosa em A. thaliana, mostrando tecidos distantes do ponto de inoculação 
como roseta, haste e raiz que também são colonizados e a população bacteriana presente 
neles. Além disso, o uso da microscopia confocal permitiu a visualização do padrão de 
migração e colonização da bactéria nos tecidos do xilema ao longo do tempo, sendo possível 
ver sua localização tanto no feixe principal como em feixes laterais quando mais próximo das 
folhas. Até o momento não havia sido descrito sintomas na interação Xylella-Arabidopsis, o 
que desencorajava estudos funcionais devido à ausência de fenótipo. Neste trabalho foi 
possível caracterizar e quantificar o sintoma de arroxeamento, devido ao acúmulo de 
antocianina, nas folhas das plantas infectadas tanto com X. fastidiosa subsp. pauca quanto 
com X. fastidiosa subsp.  fastidiosa. Em suma esses resultados permitiram estabelecer uma 
base de conhecimento sobre a interação Xylella-Arabidopsis e encorajam novos estudos 
funcionais que utilizem desse sistema modelo para investigar diferentes aspectos desse 
patossistema.   
Com relação ao segundo capítulo, podemos ressaltar o avanço no entendimento 
do papel de um fator transcricional da superfamília ERF/AP2, cujo gene foi induzido em C. 
reticulata quando infectado por X. fastidiosa. Considerando a homologia da proteína 
codificada pelo gene de C. reticulata à proteína AtRAP2.2 de A. thaliana, envolvida na via de 
resposta mediada por etileno e na resistência a patógeno, foram realizadas análises 
comparativas para caracterização funcional na interação com X. fastidiosa. Alinhamentos 
entre as sequências proteicas e as estruturas 3D dos domínios funcionais revelaram grande 
similaridade entre as proteínas de tangerina e A. thaliana. Sabendo que AtRAP2.2 era descrito 
como um fator de transcrição com domínios de autoativação em ensaio de duplo-híbrido de 
levedura, a realização deste mesmo ensaio para o homólogo de tangerina também o mostrou 
como autoativado, confirmando assim sua similaridade com AtRAP2.2, a que denominamos 
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CrRAP2.2. Uma análise da localização subcelular de CrRAP2.2 revelou que a proteína se 
localiza no núcleo assim como descrito para AtRAP2.2, confirmando assim ser um fator de 
transcrição e possivelmente um ortólogo funcional a AtRAP2. A confirmação dessa ortologia 
depende da caracterização funcional de CrRAP2, a qual realizamos através do sistema modelo 
com A. thaliana, melhor caracterizado previamente no capítulo 1. Análises da população 
bacteriana, expressão gênica e sintomatologia utilizando plantas mutantes (rap2.2) e 
transgênicas (rap2.2/CrRAP2.2; Col-0/CrRAP2.2) infectadas revelaram um papel tanto de 
AtRAP2.2 quanto de CrRAP2.2 no controle da população de X. fastidiosa e sobretudo no 
período inicial.  
Os resultados promissores encontrados em planta modelo levaram à realização da 
transformação genética de C. sinensis com CrRAP2.2 visando resistência à X. fastidiosa. As 
análises de expressão do transgene e sintomatologia das plantas transgênicas revelou que o 
evento que mais expressou o transgene (T142) também foi o mais resistente a X. fastidiosa. 
Em resumo, tais resultados confirmam a importância do sistema modelo estabelecido (A. 
thaliana) na análise e seleção funcional de genes, assim como o papel promissor de CrRAP2.2 
em conferir resistência à X. fastidiosa, possivelmente por ativar respostas iniciais de defesa 
mediadas por etileno, assemelhando-se assim a AtRAP2.2 na resposta de resistência a 
necrotrófico.  
Com relação ao terceiro capítulo, podemos destacar a importância do 
conhecimento das funções de um gene de resistência também induzido em C. reticulata 
quando infectada por X. fastidiosa. Esse gene pertence à classe dos CC-NBS-LRR, sendo 
homólogo à RPS5 de A. thaliana que é responsável pela ativação de resposta à infecção de 
Pseudomonas syringae pelo reconhecimento do efetor AvrPphB, através da clivagem de PBS1. 
Ao considerar similaridades da proteína CrRPS5 de C. reticulata com o homólogo AtRPS5, tais 
como a estrutura 3D e sua localização na membrana da célula, sugerimos que ambos 
poderiam ter funções conservadas quanto à ativação de defesa da planta frente ao patógeno. 
Dessa forma, o mutante rps5 de A. thaliana foi utilizado para avaliação quanto a infecção por 
X. fastidiosa. Foi verificado que a população bacteriana foi significativamente maior no 
mutante rps5 em comparação ao tipo selvagem, enquanto que imagens de microscopia 
confocal também mostraram uma maior migração e colonização nos vasos de xilema desse 
mutante ao longo do tempo. Esses resultados indicam que AtRPS5 pode estar envolvido na 
resposta à X. fastidiosa, assim como seu homólogo CrRPS5 de C. reticulata.  
    97 
 
O aparecimento de estudos recentes focados no papel de PBS1 para o 
reconhecimento específico de efetores nos levou a investigar a ocorrência e similaridade 
dessas proteínas em C. reticulata e C. sinensis. Alinhamentos proteicos revelaram que C. 
reticulata e C. sinensis possuem uma mesma sequência de proteína do tipo PBS1, o que 
transfere uma maior importância às diferenças encontradas entre sequências RPS5 de laranja 
e tangerina. Dessa forma, a resistência ou suscetibilidade de citros à X. fastidiosa aparenta 
não estar relacionada à especificidade do reconhecimento feito por PBS1, mas à subsequente 
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